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Cyanobacteria constitute a phylum of ubiquitous cosmopolitan bacteria with the 
ability to perform oxygenic photosynthesis. Their ancient origins, ecological and 
economic potential, biotechnological applications and impact on water systems have 
attracted much interest from the academia, industry, health authorities and regulators. 
Despite this, cyanobacteria classification and nomenclature still remains difficult. One 
of the aims of this project was to further our understanding of cyanobacteria systematics 
by (1) testing polyphasic characterization methods and (2) examining the effect of 
various phylogenetic reconstruction strategies. Additionally, (3) Next Generation 
Sequencing (NGS) assays using novel cyanobacteria 16S rDNA targeted primers were 
implemented to provide better taxa resolution than that offered by “universal” 16S 
rDNA primers. 
Cyanobacteria strains from various water sources in Australia were isolated, 
characterised at four loci commonly used for cyanobacteria molecular classification, 
and tested for the presence of genes implicated in toxin and terpene (odour) production. 
A total of 55 novel cyanobacterial strains were isolated and maintained in culture, 
forming the first known collection of cyanobacteria isolates from Western Australia. 
Comparison of molecular– and morphology– based identifications not only showed the 
limitations of the current methods (only 45% of the isolates showed agreement) but also 
provided the opportunity to suggest guidelines and conceive a way forward towards 
more effective identification approaches. Examination of alternative phylogenetic 
markers, workflows and stringencies showed that between alignment algorithms, 
alignment curations and tree building methods, the latter had the greatest effect on tree 
topology. This result was consistent regardless of locus, alignment and curation strategy 
employed. 
Finally, two sets of novel cyanobacteria-targeted primers were designed for use 
with NGS technologies. As compared to the universal 16S rRNA primers, these primers 
showed higher specificity and preferential amplification of cyanobacteria and 
proteobacteria DNA. Of the sequences obtained using these two new primer pairs, 
cyanobacteria sequences comprised 50.5% and 54.4%, while proteobacteria sequences 
comprised 44.5% and 40.3% respectively. In comparison, with the universal 16S rRNA 
primers, cyanobacteria and proteobacteria comprised 15.3% and 33.4% respectively of 
the sequences analysed. 
iv 
 
Using morphological and molecular methods, this project provides a snapshot 
of the as yet unstudied freshwater cyanobacterial diversity found in Western Australia 
using polyphasic methods. The limitations of the current identification approaches, 
uncovered during the first phase of the project, were harnessed to develop a method to 
assess the variability of phylogenetic reconstructions. Finally, novel cyanobacteria 
specific NGS primers demonstrated how adopting the latest NGS technology represents 
a promising advance in the molecular investigation of cyanobacteria. 
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CHAPTER 1. GENERAL INTRODUCTION 
1.1. Introduction 
Cyanobacteria, also known as blue-green algae, are a group of ubiquitous 
bacteria (Whitton and Potts, 2000, Fogg et al., 1973). They are important primary 
producers (Capone et al., 1997, Castenholz and Waterbury, 1989), with the ability to 
synthesise organic compounds through the process of photosynthesis (Cohen and 
Gurevitz, 2006, Komárek, 2006, Pitois et al., 2000). Some species also have the ability 
to fix atmospheric nitrogen (Whitton and Potts, 2000, Kumar et al., 2010), allowing 
them to colonise nitrogen-poor or nitrogen-depleted environments and play a significant 
role in the nitrogen cycle (Tomitani et al., 2006, Capone et al., 1997, Severin et al., 
2010). 
Assumed to have evolved 3.5 billion years ago, cyanobacteria are thought to be 
the first oxygen evolving organisms and are believed to have played a major role in the 
transition of the Earth’s atmosphere from its initial anaerobic state to the current aerobic 
conditions (Fogg et al., 1973, Kumar et al., 2010, Wilmotte, 2004). Although debated 
by some authors (Stiller et al., 2003, Graur and Martin, 2004), phylogenetic analysis 
(Falcon et al., 2010) suggests that a free-living cyanobacterium with the capacity to 
store starch through oxygenic CO2 fixation and fix atmospheric N2, would have become 
the chloroplast of photosynthetic eukaryotes by endosymbiosis in the mid-Proterozoic 
(~1,300 MYA). The long evolutionary history of this phylum (Blankenship, 1992, 
Giovannoni et al., 1988, Tomitani et al., 2006) has enabled it to become adapted to 
virtually all environments, both aquatic and terrestrial (Cohen and Gurevitz, 2006, Fogg 
et al., 1973, Whitton and Potts, 2000, Bold and Wynne, 1985, Metcalf et al., 2012). 
This, together with their ecological (oxygen production, atmospheric nitrogen and 
carbon fixers) and economic (via biotechnology, biofuel, therapeutic compound 
production) significance, has resulted in increasing interest in members of this phylum 
(Reynolds, 2006, Sciuto and Moro, 2015).  
Furthermore, in recent history, the potential impacts of bloom-forming species 
resulting from the increasing eutrophication of the biosphere (Granéli and Turner, 2006, 
Whitton and Potts, 2000, Komárek, 2006), have also prompted increased studies on this 
group of organisms. 
Despite recent advances in cyanobacteria classification and nomenclature, the 
ability to accurately identify environmental isolates of cyanobacteria still remains 
challenging. As such, the two most commonly utilised techniques for cyanobacteria 
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identification will be discussed in this chapter. This chapter will also attempt to discuss 
how the increase in information available in public databases and newly developed 
techniques such as next generation sequencing (NGS) can aid in the process of 
cyanobacteria identification. 
1.2. Characteristics and habitat 
Cyanobacteria are a diverse group of eubacteria (gram-negative bacteria) that 
are capable of anaerobic metabolism (Cohen and Gurevitz, 2006). In aquatic 
environments, cyanobacteria occur as either free floating (planktic) or substrate 
associated (benthic) species (Bellinger and Sigee, 2010), displaying both unicellular and 
colonial forms such as trichomes (threads of vegetative cells), or as colonial structures 
enclosed within a sheath or matrix (Bold and Wynne, 1985, Reynolds, 2006). 
Despite lacking organelles to perform various metabolic functions, 
cyanobacteria are able to utilise various structures with specialised functions such as gas 
vesicles, thylakoids, various granules, glycogen granules and carboxysomes 
(polyhedral-bodies containing carbon fixation enzymes) (Castenholz and Waterbury, 
1989). In addition to these specialised internal structures, cyanobacteria also have the 
ability to form specialised cells, such as baeocytes (reproductive cells), akinetes (resting 
cells), heterocytes (N2
 
fixation cells) (Figure 1.1) and hormogonia (motile filaments of 
cells), for a variety of purposes (Fogg et al., 1973, Sciuto and Moro, 2015).




Figure 1.1: Specialised cyanobacteria cells. A (image taken from (Rippka et al., 2015b)): Phase contrast 
image of fibrous outer wall layers of parental cells emptied of baeocytes, in a liquid culture of Stanieria 
(PCC 7437); B and C (images taken from (Sciuto and Moro, 2015)): Light microscopy of filamentous 
Nostocales cyanobacteria; B: Heterocytes both at the end of the filaments (terminal heterocytes, black 
arrows) and within the filaments (intercalary heterocytes, white arrows); C: Chain of akinetes (black 
arrow). Insert: High magnification image of scanning electron microscope comparing the sizes of the 
vegetative cell (v) and an akinete (a). 
 
Most planktic cyanobacteria usually contain gas vesicles (Castenholz and 
Waterbury, 1989). In aquatic environments, these structures are used for buoyancy 
regulation and to maintain the organisms’ position within the water column, where 
growth conditions are optimal (Ganf and Oliver, 1982, Reynolds et al., 1987, Fogg et 
al., 1973). This allows cyanobacteria to overcome growth impediments resulting from 
the separation of light and nutrients, especially in environments where vertical mixing is 
reduced due to thermal stratification (Steffensen et al., 1999). There is little variation in 
gas vesicles within cyanobacterial species in the same habitat, however between the 
different cyanobacterial genera gas vesicles vary in length from 200 nm to 2 µm and 
diameters between 40 and 110 nm (Reynolds et al., 1987, Walsby, 1994). 
Under optimal light harvesting conditions, cyanobacteria are able to utilise 
both chlorophyll a and photosystems I and II for photosynthesis (Cohen and Gurevitz, 
2006, Komárek, 2006). Furthermore, the presence of specialised phycobiliproteins-
phycocyanin and allophycocyanin, give cyanobacteria their characteristic blue-green 
colour, while the energy-focusing phycoerythrin gives the cells a red or black 
pigmentation (Vincent, 2009, Castenholz and Waterbury, 1989). These accessory light-
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capturing protein pigments are located on phycobilisomes found on the photosynthetic 
thylakoid membranes within the cells (Vincent, 2009, Castenholz and Waterbury, 1989) 
and are also important for photosynthesis. 
Under optimal growth conditions, most cyanobacteria divide through the 
process of binary fission, whereby either all or almost all of the envelope layers grow 
inwards until cell separation is complete (Castenholz, 2001, Fogg et al., 1973). 
Depending on whether cell fission occurs in one or more planes, resultant cyanobacteria 
colonies may be either orderly or disorderly. In sheathed colonies that divide in a single 
plane, cyanobacteria form trichomes (chain of cells without an investing sheath 
(Castenholz, 2015c)). Under favourable and/or stressful conditions, random breakages 
of trichomes occur, resulting in the formation of motile (gliding) reproductive fragments 
(hormogonia) (Rippka et al., 1979, Castenholz, 2001). In addition to binary fission, a 
subset of unicellular cyanobacteria (Pleurocapsales) show alternative reproduction 
strategies (Angert, 2005). This process releases tiny, unicellular structures called 
baeocytes (Figure 1.1, Panel A), which upon release from the parent cell, may have 
momentary gliding motility before initiation of growth to continue the vegetative cycle 
(Castenholz, 2001, Waterbury, 2006, Rippka, 1988, Angert, 2005). 
In addition to the formation of specialised reproductive cells, cyanobacteria are 
diazotrophs with the ability to fix atmospheric gaseous nitrogen (diazotrophs) 
(Komárek, 2006) and may also form heterocytes. These are cells that provide fixed 
atmospheric nitrogen for the adjacent vegetative cells in the filament (Kumar et al., 
2010). Internally, these highly specialised cells are anoxic to protect the enzyme 
nitrogenase from inactivation by oxygen, and lack photosystem II and carbon fixation 
abilities (Kumar et al., 2010). Heterocytes also usually contain cyanophycin granules at 
their poles and can be distinguished by their slightly larger and rounder shapes, have 
reduced pigmentation and thicker cell envelopes. They can occur terminally, or at 
regular intervals along the filament with different species having different 
developmental patterns (Figure 1.1, Panel B) (Kumar et al., 2010, Pitois et al., 2000). 
During adverse conditions (nutrient deficiency and/or light limitation), many 
heterocystous cyanobacteria can also form akinetes (Figure 1.1, Panel C). These 
specialised cells are granular, bigger than vegetative cells and have additional thickened 
cell walls; adaptations which allow the cells to withstand freezing, drying and long-term 
storage and germinate when the external conditions improve (Castenholz and 
Waterbury, 1989, Reynolds, 2006, Castenholz, 2015b). 
CHAPTER I: GENERAL INTRODUCTION 
5 
 
1.3. Public and environmental implications of cyanobacteria 
Cyanobacteria have the potential to cause significant socio-economic 
implications for the water, tourism and food industries as many species can form thick 
blooms and are capable of producing harmful toxins and/or odorous metabolites. These 
effects shall be briefly discussed below. 
1.3.1. Effect of blooms 
Most cyanobacterial blooms produce visible colouration of a water body due to 
the presence of suspended, subsurface or benthic mats of cells, filaments and/or 
colonies (Figure 1.2) (Fristachi et al., 2008). Dense populations of bloom forming 
species are common in freshwater bodies (Cohen and Gurevitz, 2006) and have 
increased worldwide as a result of (anthropogenic) eutrophication and climate change 
(O'Neil et al., 2012). In freshwater environments, cyanobacteria from the 
Dolichospermum, Aphanizomenon, Chrysosporum, Microcystis, Nodularia and 
Oscillatoria genera are the main bloom causing agents (Ressom et al., 1994). 
Dense cyanobacteria blooms can suppress macrophytes due to nutrient 
competition and increased turbidity, adversely affecting invertebrate and fish habitats; 
fish loss can result in decreased biodiversity and food web changes due to oxygen 
depletion (hypoxia/anoxia) during bloom decline and decomposition (Paerl and Otten, 
2013, Falconer, 2004a). This, in turn, results in economic losses through the negative 
impacts on recreation, tourism and aquaculture industries (Robson and Hamilton, 2003, 
Chorus and Bartram, 1999, Paerl and Otten, 2013, Carmichael, 2001, Dionysiou, 2010). 
It has been estimated that in the USA, an average of $50 million a year is spent on 
monitoring and managing the problems caused by blooms (Dionysiou, 2010); while in 
Australia, freshwater algal blooms cost water users more than $200 million annually 
(Figure 1.3) (Chudleigh et al., 2000, Atech, 2000). 
An example of cyanobacteria blooms and their effects occurred in January 
2000, in the Swan River estuary (Perth, WA), where heavy summer rainfalls caused a 
bloom of Microcystis aeruginosa (Robson and Hamilton, 2003). During this period, 
toxic M. aeruginosa densities exceeded 100,000 cells mL
-1 
(Atkins et al., 2001), twenty 
times greater than the usual cell density of 5,000 cells mL
-1
 (Hosja and Deeley, 1994); 
this resulted in the Swan River being closed from recreational activity for more than ten 
days (Robson and Hamilton, 2003, Atkins et al., 2001). 
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Furthermore, the possible production of secondary compounds (taste- and-
odour and/or toxic compounds) during blooms not only result in increased water 
treatment and monitoring costs, but can also result in animal deaths from consumption 
of contaminated water (Fristachi et al., 2008, Steffensen et al., 1999, Falconer, 2004a, 
Carmichael, 1998, Quiblier et al., 2013, Paerl and Otten, 2013, Dionysiou, 2010, 
Gugger et al., 2002, Gugger et al., 2005, Lyra et al., 2001). Studies have shown that 
bioaccumulation of cyanotoxins can occur in plants (terrestrial and aquatic) and aquatic 
organisms (fish, shrimps, oysters, mussels, snails) posing a potential risk to human 
health (Drobac et al., 2013, Chorus and Bartram, 1999, de la Cruz et al., 2013). 
Various factors have been found to initiate and facilitate cyanobacteria growth 
and dominance. These are listed in Table 1.2.  
 
 
Figure 1.2: Benthic (Phormidium spp.) cyanobacteria mats. Taken from Quiblier et al. (2013) 
 
 
Figure 1.3: Toxic cyanobacteria in the Canning River (WA) (Trust, 2005) 
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Table 1.1: Factors affecting cyanobacteria growth and bloom formation 
Factor Effect Reference 
Light intensity 
Different species of cyanobacteria have differing optimal light intensities for growth. The 
ability of cyanobacteria to regulate buoyancy allows them to gain access to optimal light 
intensities even in turbid or still waters, allowing them to gain a growth advantage over 
photosynthetic organisms. 
Dokulil and Teubner (2000); Ganf and 
Oliver (1982); Msagati et al. (2006) 
Temperature 
Cyanobacteria have adapted to grow in various environments, from volcanic hot springs, to the 
Antarctic, and all conditions in between. Temperature affects different cyanobacteria genera 
differently with most exhibiting optimal growth rates as temperatures exceed 20 °C 
Dokulil and Teubner (2000);Heath et al. 
(2011), Loiacono et al. (2012);McGregor 
and Rasmussen (2008); O'Neil et al. 
(2012); Paerl and Huisman (2009); Taton 
et al. (2003) 
Nutrient 
availability 
Eutrophication is considered a major factor of cyanobacteria blooms. The concentration, ratio 
and availability of dissolved nutrients, especially nitrogen (N) and phosphorus (P), have been 
shown to drive cyanobacteria growth, succession, population composition and productivity. 
However, as many cyanobacteria can utilise both organic and inorganic sources of P and N, 
bloom formation may also occur under conditions where inorganic concentrations of these 
compounds are low. 
Arfi et al. (2001), Dokulil and Teubner 
(2000);Lagus et al. (2007); Moisander et 
al. (2012); O'Neil et al. (2012); Paerl and 
Otten (2013); Quiblier et al. (2013); 




Most species of cyanobacteria tend to proliferate in calm stable waters, usually occurring in 
lakes and reservoirs when vertical mixing is reduced due to thermal stratification. The ability of 
cyanobacteria to regulate buoyancy allows them to overcome the separation of light and 
nutrients, providing them with an advantage over other phytoplankton. 
Arfi, Bouvy et al. (2001); Dokulil and 
Teubner (2000); Ganf and Oliver (1982); 
Moisander et al. (2012); Steffensen et al. 
(1999); 
Herbicide use 
Cyanobacteria have been found to be naturally tolerant/less sensitive to a variety of herbicides. 
Furthermore, herbicide (especially glyphosate) use has been found to have the potential to 
affect the microbial community composition, possibly promoting the proliferation and 
dominance of cyanobacteria, at the expenses of vulnerable macrophytes. 
Lürling and Roessink (2006); Powell et 
al. (1991); Quiblier et al. (2013); Vera et 
al. (2010); Villeneuve et al. (2011) 
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1.3.2. Toxins and their effects 
Many cyanobacteria produce a range of bioreactive secondary metabolic 
compounds, some of which are toxic to animals and humans (cyanotoxins) (Humpage, 
2008, Sivonen and Jones, 1999) (Table 1.3). The list of known freshwater toxin 
producing cyanobacteria is constantly growing, making them organisms of concern to 
water authorities (Humpage et al., 2012). In freshwater systems, pelagic (i.e. water-
column dwelling) cyanobacteria are the main cause of toxic blooms (Carmichael, 2001, 
O'Neil et al., 2012). To date, 40 genera of cyanobacteria have been identified to be 
toxin producing, of these fewer than 10 are commonly associated with toxic bloom 
formations (Bernard et al., 2011, Ressom et al., 1994). In Australia, the four commonly 
reported species are Microcystis aeruginosa (Kützing) Lemmermann, Anabaena 
circinalis Rabenhorst ex Bornet & Flauhault (now Dolichospermum circinalis), 
Nodularia spumigena Mertens and Cylindrospermopsis raciborskii (Wołoszyńska) 
Seenaya & Subba Raju (Falconer, 2001). 
Chemically, the main cyanobacteria toxins are either cyclic peptides or 
alkaloids, for which new structural analogues of known toxins are being continually 
identified (Humpage, 2008, Bernard et al., 2011, Humpage et al., 2012). According to 
their mode of toxicity in animals, they have been grouped into hepatotoxins, 
neurotoxins, cytotoxins and dermatotoxins (Codd et al., 2005, van Apeldoorn et al., 
2007). Although toxin production and toxic water blooms are not necessarily constant 
(Carmichael, 2001), differing both temporally and spatially (Shirai et al., 1991), the 
ability of these toxic metabolites to persist and remain active in water after the 
producing cyanobacteria have disappeared is of increasing concern (Codd et al., 2005, 
Saker et al., 2009). 
In Australia, the first scientific record of presumed cyanobacteria poisoning 
was by George Francis in 1878, at Lake Alexandrina, South Australia (Falconer, 2004a, 
van Apeldoorn et al., 2007, Stewart et al., 2008). Stock animals died as a result of 
drinking from water thought to be contaminated with Nodularia spumigena (Pitois et 
al., 2000). Since then, there have been regular reports of livestock and wildlife deaths 
due to cyanobacteria contamination of waters, both in Australia and from around the 
world. It is believed that stock losses resulting from cyanobacterial blooms are 
underestimated as the majority of these reports come from South Africa where the toxic 
Microcystis genus is abundant in (eutrophic) water storage sites (Pitois et al., 2000, 
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Carmichael, 2001, Steffensen et al., 1999, Carmichael, 1998, Kemp and John, 2006, 
Quiblier et al., 2013, Falconer, 2004a). 
In contrast, human fatalities associated with ingestion of cyanotoxin-
contaminated waters have been suspected, but not documented due to the lack of 
information and methods to confirm the presence of toxins (Falconer, 2004a, 
Carmichael, 2001, Carmichael et al., 2001). Other routes of exposure to cyanotoxins 
include exposure through recreational activities (such as swimming, diving, canoeing), 
consumption of crops and/or aquatic animals in which bioaccumulation of toxins have 
occurred and consumption of cyanobacteria as dietary supplements (van Apeldoorn et 
al., 2007, Drobac et al., 2013, Watson et al., 2008, McCarron et al., 2014). 
The largest confirmed cyanotoxin-related human incident occurred in 1996 in 
Brazil where 76 patients died after haemodialysis with cyanotoxin (microcystin-LR and 
potentially cylindrospermopsin) contaminated waters (Carmichael et al., 2001, 
Falconer, 2004a). Patients affected were found to have an average microcystin 
concentration of 223 ng/g in liver tissue and an estimated source water concentration of 
19.5 μg/L, which was almost 20 times higher than the 1μg/L safe level proposed by the 
World Health Organisation (WHO) (Carmichael et al., 2001, Chorus and Bartram, 
1999). Other reports of gastrointestinal illnesses, gastroenteritis, generic poisoning and 
liver damage in humans have been documented (Falconer, 2004a). One such instance 
occurred in 1979 at Palm Island, Queensland, Australia. One hundred and fifty people 
were hospitalised with severe hepato-enteritis from exposure to cylindrospermopsin, 
resulting from treatment to the water supply, implemented to remove a cyanobacteria 
bloom in response to complaints of unpleasant drinking water taste and odour by the 
consumers. The treatment resulted in lysis of the cyanobacterial cells and release of the 
toxin into the source waters (Griffiths and Saker, 2003, Carmichael et al., 2001, 
Hawkins et al., 1985, Falconer, 2001). 
Common symptoms of cyanotoxin poisoning include illnesses such as hay-
fever like symptoms, vomiting, diarrhoea, abdominal pain, headache, sore throat, dry 
cough, blistering of the mouth, atypical pneumonia, myalgia, elevated liver enzymes 
and skin rashes (Chorus and Bartram, 1999, Carmichael, 2001, Koreivienė et al., 2014). 
It has been suggested that mild cyanoytoxicosis usually goes unreported, as such 
symptoms are usually minor and are also symptoms of common gastrointestinal 
illnesses; with medical diagnosis and treatments only being sought when they become 
prolonged (Falconer, 2004a, Newcombe, 2009b). Although inconclusive, studies 
indicate that long-term exposure to certain cyanotoxins can be linked to some medical 
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conditions. These include primary liver cancer by microcystin (Drobac et al., 2013, 
Hitzfeld et al., 2000, Falconer, 2004a, Humpage, 2008, van Apeldoorn et al., 2007, 
Chorus and Bartram, 1999) and amyotrophic lateral sclerosis/Parkinson-dementia 
(ALS/PDC) by β-Methylamino alanine (BMAA) (Cox et al., 2005, Weiss et al., 1989). 
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Toxin Name (toxin 
group) 
LD50 






















Inhibit protein phosphatases 1 and 2A. Disruption of liver 
cells, loss of sinusoidal/cytoskeletal structure leading to 
uncontrolled intrahepatic haemorrhaging, resulting in 
haemodynamic shock and heart failure. Carcinogenesis 
and genotoxicity have also been linked to chronic low-
level exposure. 






















Post synaptic, cholinergic neuromuscular blocking 
alkaloids causing death due to paralysis of peripheral and 
respiratory muscles 
Homoanatoxin (alk) 250 μg/kg 
Anatoxin-a(s) (alk) 20 μg/kg 
Inhibits acetylcholinesterase, causes marked salivation 
and possible death within minutes of ingestion. 
Saxitoxin (alk) 10 μg/kg Inhibit nerve conduction by blocking voltage gated 
sodium (Na
+
) channels without affecting potassium 
permeability, trans-membrane resting potential or 
membrane resistance 
Neosaxitoxin (alk) 3 μg/kg 
β-Methylamino 




Glutamate mimic causing prolonged N-methyl-D-
aspartate (NMDA) receptor channel opening, leading to 
neuronal excitotoxicity; causing increased intracellular 
calcium (Ca
2+
) concentrations, cell depolarisation and 
initiation of apoptosis. Implicated in gradual 
neurodegenerative diseases such as amyotrophic lateral 
sclerosis/Parkinson’s disease and Alzheimer’s disease. 
2, 4-diaminobutyric 
acid (DBA) (CA) 
300 mg/kg 

























Mainly targets the liver, inhibiting of glutathione, protein 
and cytochrome P450 synthesis in hepatocytes leading to 
cell death and hepatotoxicity. Genotoxic-causing 
chromosome loss and DNA strand breakage. Toxin also 
results in renal toxicity/multiple organ damage. Has been 
found to be toxic to developing foetuses and concluded to 









Inhibition of protein synthesis and reduction of adenosine 
triphosphate (ATP) concentrations, leading to progressive 
cellular necrosis in the liver, kidneys and gastrointestinal 
















Contact dermatitis causing skin irritation, rashes, 
gastrointestinal problems and potent tumour promoter 
References: Carmichael (2001), Codd (2000), Dittmann et al. (2013), Falconer (2004a), Humpage (2008), Paerl and Otten (2013), Quiblier et al. (2013), Ressom et al. (1994), 
Sivonen and Jones (1999), Weiss et al. (1989), Koreivienė et al. (2014), Humpage et al. (2012), Daniels et al. (2014), Goto et al. (2012), de la Cruz et al. (2013), Runnegar et al. 
(2002), Griffiths and Saker (2003), Codd et al. (2005), Falconer (2008), Munday et al. (2013), Mazmouz et al. (2010), McGregor and Sendall (2015). Abbbreviations: alk = alkaloid; 
cp = cyclic peptide; aa = amino acid; terp = terpenoid; CA = carboxylic acid; ? = unknown.; LD50
 
as determined via intraperitonal (ip) injection in mice.
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1.3.3. Taste and odour 
In addition to the production of toxins, cyanobacteria can also produce 
malodourous taste and odour (T/O) compounds. These earthy/musty/decay-like, woody 
or mouldy compounds are major sources of malodour outbreaks in drinking water 
systems, lakes, dams, water treatment plants and running water; and can taint the taste 
of seafood, wine, cheese and shellfish. T/O episodes have been primarily linked to the 
presence of two modified terpenes: geosmin (trans-1, 10-dimethyl-trans-9-decalol) and 
2-methylisborneol (2-MIB) (Jüttner and Watson, 2007, Watson, 2003). Cyanobacteria 
are significant producers of these compounds, with the majority of the producers being 
benthic, filamentous and varying in N2 fixation ability (Smith et al., 2008, Watson, 
2004, Jüttner and Watson, 2007). Studies have also identified two other cyanobacteria-
produced odourous metabolites – hydroxyketones and norcarotenoids; the latter of 
which has been identified in environmental strains of Microcystis sp. (Zimba and 
Grimm, 2003, Höckelmann and Jüttner, 2005). Other malodorous compounds such as 
2,4,6-trichloroanisole and methoxypyrazines (2-isopropyl-3-methoxypyrazine, 2-
isobutyl-3-methoxypyrazine), produced mainly by bacteria, fungi (especially 
actinomycetes) are also known to produce such odours but are not as frequently 
identified as the cause for T/O incidents in water (Watson, 2004). In Australia, D. 
circinale blooms have been found to be the major cause of T/O issues in reservoirs, 
even on occasions when benthic cyanobacteria have been identified to be the cause of 
the issue. 
Detectable at low odour threshold concentrations (OTC) of ~10 ng/L or less 
(Young et al., 1996, Watson et al., 2000), geosmin and 2-MIB cause drinking water (or 
seafood grown in tainted waters) to be deemed unpalatable (Watson, 2003, Schrader 
and Rimando, 2003). This in turn results in increased management and treatment costs 
and also in the loss of aqua-cultural and recreational revenues. Implementation of 
effective water monitoring, management and remedial strategies is costly: England and 
Wales were estimated to spend between £75 – 114 million annually on algal bloom 
treatment (Murray et al., 2010), while catfish producers in USA may lose up to $60 
million annually due to additional costs stemming from T/O incidents in aquaculture 
(Tucker and Hargreaves, 2003, Schrader and Dennis, 2005). 
Although geosmin and 2-MIB are frequently produced in conjunction with 
toxins, this trait is neither stable nor reliably correlated (Quiblier et al., 2013, Codd et 
al., 2005). Furthermore, while they are not known to be harmful to humans, 
CHAPTER I: GENERAL INTRODUCTION 
14 
 
experimental studies have shown activity (at mg/L concentrations) of geosmin and/or 2-
MIB against other bacteria and algae, however only at concentrations greatly exceeding 
those usually found in the natural environments (≤1 mg/L) (Watson, 2003, Ho et al., 
2012, Watson, 2004). 
1.4. Management of cyanobacteria 
Although nutrient availability and increased temperatures have been linked to 
causing cyanobacterial blooms, other factors contributing to cyanobacteria outbreaks 
remain unclear and unanticipated blooms still occur (Quiblier et al., 2013), various 
remediation methods and management strategies have been developed to mitigate the 
problems posed by cyanobacteria secondary metabolites. These include chemical, 
physical and biological removal and detoxification of water supplies together with 
various management strategies (Koreivienė et al., 2014, Sierp et al., 2009, Hitzfeld et 
al., 2000, Burch et al., 2002). 
1.4.1. Chemical methods 
Commonly used chemical methods to manage cyanobacteria and their 
secondary metabolites include application of algicides, oxidation, photocatalysis and 
decomposing barley straw (Koreivienė et al., 2014, Murray et al., 2010, Hitzfeld et al., 
2000, Steffensen et al., 1999). 
Algicides, of which copper sulphate is the most common, are frequently used 
to prevent, control and disperse algal blooms. However, this controversial treatment 
usually results in the lysing of cyanobacteria cells and the subsequent release of 
secondary metabolites into the water system (Tucker and Hargreaves, 2003, Schrader et 
al., 2004, Burch et al., 2002, Drikas et al., 2001). Furthermore, copper sulphate, being a 
broad-spectrum algicide, has a potentially negative impact on the surrounding 
ecosystem (Burch et al., 2002, Koreivienė et al., 2014). Additionally, resistance to 
copper has been exhibited by M. aeruginosa that survived low-level copper sulphate 
treatments (Smith et al., 2008,  arc  a-Villada et al., 2004). Hydrogen peroxide, a 
known algaecide, has been shown to target cyanobacteria and are less toxic to other 
phytoplankton. Furthermore, it also reduces microcystin toxicity due to hydroxyl 
radicals cleaving the toxin molecule (Bauza et al., 2014, Barrington and Ghadouani, 
2008). Decomposing barley straw has been used as an alternative to chemical algicides. 
Although the mode of action is still unclear, decomposing barley straw has been 
demonstrated to inhibit cyanobacteria growth (Murray et al., 2010, Martin and Ridge, 
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1999, Burch et al., 2002, Steffensen et al., 1999, Koreivienė et al., 2014, Newcombe et 
al., 2010). 
Oxidation processes using potassium permanganate, ozone or chlorine are also 
frequently used to control cyanobacteria and to reduce or remove toxins present in the 
source waters (Burch et al., 2002, Newcombe, 2009a, Falconer, 2004b). Chlorine is able 
to effectively oxidise cylindrospermopsin, microcystin and nodularin, however its 
effectiveness is highly dependent on the dose, pH and time given for the process to 
occur (Nicholson et al., 1994, Keijola et al., 1988, Himberg et al., 1989). Hence, 
chlorination is usually used in conjunction with other water treatment methods. 
Ozonation is another oxidative method to remove cyanobacteria and metabolites 
present; however this process may increase cell lysis and is more costly than 
chlorination (Koreivienė et al., 2014, Hitzfeld et al., 2000, Zouboulis et al., 2007). 
Photochemical degradation (photocatalysis) of cyanobacteria toxins and 
terpenes has been found to be an effective method of treating affected waters (Lawton et 
al., 2003, Lindner et al., 1997). This process utilises UV irradiation to successfully 
degrade organic metabolites present in water supplies (Griffiths and Saker, 2003, Jüttner 





degradation rate of these compounds is greatly increased without the formation of 
harmful by-products (Robertson and Lawton, 1997, Lindner et al., 1997, Koreivienė et 
al., 2014, Pantelić et al., 2013, Falconer, 2004b). 
1.4.2. Physical methods 
Physical methods such as flocculation, sedimentation and sand filtration have 
traditionally been used to treat water supplies. Although these methods are generally 
successful in removing cells (Drikas et al., 2001, Griffiths and Saker, 2003), they are 
usually unable to remove dissolved (e.g. extracellular) compounds such as toxins or 
terpenes (Pitois et al., 2000, Burch et al., 2002). Hence, these methods are usually used 
in combination with activated carbon filters (which can absorb a range of organic 
compounds), oxidation/ozonation, or UV irradiation (Drikas et al., 2001, Burch et al., 
2002, Steffensen et al., 1999, Hitzfeld et al., 2000, Falconer, 2004b). In recent years, 
ultrasound/sonication has also been shown to be an effective method of controlling 
cyanobacterial growth, however field application of this method has yet to be achieved 
(Wu et al., 2011, Rajasekhar et al., 2012). 
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1.4.3. Biological and management methods 
Biological methods of controlling and managing cyanobacteria have been 
suggested and tested (Griffiths and Saker, 2003, Steffensen et al., 1999, Sierp et al., 
2009, Kong et al., 2013, Mehner et al., 2004, Ho et al., 2012). These include the use of 
cyanobacteria-feeding zooplankton or phytoplanktivorous fish, introduction of specific 
types of fishes, reducing the amount of dissolved nutrients (namely nitrogen and/or 
phosphorus) and vertical mixing of water columns (Kong et al., 2013, Van der Molen 
and Portielje, 1999, Sierp et al., 2009, Steffensen et al., 1999). These strategies aid the 
control of cyanobacteria populations by acting directly on growth and/or predation (by 
zooplankton and phytoplanktivores), or indirectly by controlling planktivore population 
through introduction of higher predators (Steffensen et al., 1999, Sierp et al., 2009, 
Mehner et al., 2004, Brookes et al., 2002). 
1.5. Taxonomy: difficulties in nomenclature and identification 
Due to adaptations that allow them to survive under various environmental 
conditions, cyanobacteria have been shown to be a morphologically diverse group of 
organisms. They were traditionally classified under the International Code of Botanical 
Nomenclature (ICBN) based on morphological and physiological characteristics 
(Whitton and Potts, 2000, Castenholz, 2001, Oren, 2004, Rippka et al., 1979). On the 
basis of this Code, there are 150 genera and 2,000 species of cyanobacteria (Hoek et al., 
1995). In 1978, the prokaryotic (or bacterial, see (Pace, 2006)) nature of cyanobacteria 
was officially recognised by Stanier et al. (1978) and the adoption of the International 
Code of Nomenclature of Prokaryotes (ICNP) for cyanobacteria nomenclature was 
proposed (Castenholz and Waterbury, 1989, Pinevich, 2015). Since then, effort has been 
made to standardise and revise cyanobacteria nomenclature and classification 
(Castenholz and Norris, 2005, McNeill et al., 2012, Oren and Tindall, 2005, Otsuka et 
al., 2001, Rajaniemi et al., 2005, Suda et al., 2002, Gaget et al., 2015, Oren, 2015). 
However, only a small number of names and genera have been officially revised and 
published (Oren, 2004, Oren, 2011, Hauer et al., 2014). Furthermore, new taxa have 
been described using a combination of both codes (Komárek, 2010b), with some 
organisms having multiple names (Gaget et al., 2011), causing much confusion in 
literature. 
On-going molecular studies has resulted in reclassification and renaming of a 
number of cyanobacterial strains, however, no major revisions to cyanobacteria 
classification have been made, this is reflected in the latest edition of Bergey’s Manual 
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of Systematic Bacteriology (Vol. 1) and in Bergey’s Manual of Systematics of Archaea 
and Bacteria (Castenholz, 2015a). As such, the traditional, (mainly) morphology based 
classification of cyanobacteria is still in use (i.e. subsection, or order under bacterial 
classification scheme) (Vincent, 2009). Cyanobacteria are broadly classified into five 
subsections (Castenholz, 2001, Castenholz, 2015a): Subsection I (formerly 
Chroococcales), Subsection II (Pleurocapsales), Subsection III (formerly 
Oscillatoriales), Subsection IV (formerly Nostocales) and Subsection V (formerly 
Stigonematales) (Castenholz, 2001, Fogg et al., 1973, Rippka et al., 1979, Castenholz et 
al., 2015, Herdman et al., 2015, Hoffmann and Castenholz, 2015, Rippka et al., 2015a, 
Rippka et al., 2015b). Preliminary 16S ribosomal RNA (rRNA) phylogenetic analyses 
by (Wilmotte and Herdman, 2001), indicated that the clustering patterns obtained for 
subsections VI and V were congruent with the traditional classification (Castenholz, 
2001, Wilmotte and Herdman, 2001). As a result of the complexity of cyanobacteria 
identification, various studies have been done to update cyanobacteria taxonomy to 
allow for more uniform identification criteria (Anagnostidis, 2001, Otsuka et al., 2001, 
Rajaniemi et al., 2005, Suda et al., 2002). Table 1 provides a brief summary of the 
features of each Subsection. 
Furthermore, as a result of convergent evolution, where similar features 
develop in independent lineages, and the exchange in genetic material between bacteria, 
a growing number of polyphyletic genera have been recently identified. This has also 
brought the classification of cyanobacteria into species using the assumption of a 
monophyletic origin into question, as they tend to lack ecologically or genetically 
coherent groups (Young, 2001, Dvořák et al., 2015). Even so, some studies have shown 
geographical differences in the 16S rDNA (as reviewed in Dvořák et al. (2015)), which 
is considered to be a relatively conserved gene. Furthermore, the increasing use of 
alternative loci such as the 16S-23S ITS region have allowed for identification of 
cryptic taxa, which were previously unidentified based solely on morphological 
characteristics. As a result of the difficulties in delimiting genera and species, attempts 
have been made to develop a special code valid only for cyanobacteria 
(http://www.cyanodb.cz/files/CyanoGuide.pdf), however, this code has yet to be 
accepted (Dvořák et al., 2015). For now cyanobacteria may still be described under the 
ICN or ICNP, although the Botanical Code is still the preferred code used for 
cyanobacterial classification as it allows for the description of new taxa without cultures 
(Dvořák et al., 2015, Oren, 2011). Hence until a single code for cyanobacteria 
classification can be decided upon, the definition of a cyanobacterial species will differ 
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depending on whether the species concept or species definition is being used (Dvořák et 
al., 2015).  
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0.5-30 µm 31-71 
Unicellular, spherical, 
ellipsoidal or rod-shaped cells, 
occurring as individual cells or 
colonial aggregates of various 
sizes. 
Cells reproduce by equal binary fission or budding in one, two or three 
successive planes. Planktonic forms usually contain gas vesicles. Majority 
synthesise phycobiliproteins, while two genra (Prochloron and Prochlorococcus) 
synthesise chlorophyll a and b instead 
II 
(Pleurocapsales) 
< 20 µm 38-47 
Unicellular coccoids that occur 
as individual cells or in 
colonies. 
Reproduce either exclusively by multiple fission through the formation of 
baeocytes, or in combination with binary fission. Vegetative cells are 









Rods (longer than wide) or disk 
shaped cells (wider than long), 
filamentous 
Cell division occurs by binary fission in a single plane, while reproduction 
occurs via trichome fragmentation, or hormogonia production. False branching 
organisms with a continuous sheath, only the cytoplasmic membrane and 
peptoglycan are involved in the formation of daughter cells. Cells of individual 
organisms are undifferentiated, lacking heterocytes and akinetes. Exhibit gliding 





~ 2-15 µm 
38-47 
Variable cell morphology 
(cylindrical, barrel-shaped, 
spherical), filamentous 
Cell division occurs exclusively via binary fission in a single plane. Cells 
differentiate to form specialised cells such as akinetes, terminal or intercalary 
heterocytes, reproductive trichomes (hormogonia) and tapered trichromes in 
response to nitrogen gradients resulting from terminally located heterocytes. 
Some genera produce sheaths and exhibit false branching. Motility amongst 







Variable cell morphology 
(cylindrical, barrel-shaped, 
spherical ), filamentous 
Cell division occurs via binary fission in multiple planes, resulting in occasional 
true branching of filaments. Cells differentiate to form specialised cells as in 
subsection IV. Some species form hormogonia. 
References: Castenholz (2001), Komárek (2010b), Komárek (2010a), Rippka et al. (1979), Vincent (2009), Waterbury (2006), Komárek and Anagnostidis (1989), Castenholz and Waterbury (1989), Herdman et al. 
(2015) 




1.6. Methods used to identify and detect cyanobacteria 
In addition to treating water sources for the presence of secondary metabolites, 
there is also the need to be able to detect and identify cyanobacteria. This will allow for 
the implementation of measures to control their growth before blooms and potential 
production of secondary compounds occur. The following section will discuss methods 
commonly used to detect and identify cyanobacteria in water sources. 
1.6.1. Morphological identification 
Cyanobacteria have traditionally been identified morphologically using light 
microscopy, with risk assessments made based on cell counts and strain identification 
(Newcombe et al., 2010). Morphological and physiological characteristics such as 
colony shape, pigmentation, sheath characteristics, cell shape and size have been used 
for morphological classification of cyanobacteria (Soares et al., 2011, Lane et al., 1985, 
Litvaitis, 2002). This process is time consuming, costly (labour), subjective and requires 
trained taxonomists (Steven et al., 2012). Furthermore, these characteristics can vary as 
a result of morphological plasticity, with distinctive phenotypic features varying within 
species, or even being lost, as a result of environmental or cultural conditions, growth 
phase (Saker et al., 2009, Lyra et al., 2001, Whitton and Potts, 2000, Pearson and 
Kingsbury, 1966, Litvaitis, 2002). The manifestation of ecotypes, or microbial 
pleomorphism during long-term cultivation, has also resulted in a large number of 
strains in culture being misidentified, with taxonomic names and morphological 
descriptions that disagree (Komárek, 2006, Komárek, 2010b). As a result, Komárek and 
Anagnostidis (1989) estimated that as many as 50% of cyanobacteria strains in culture 
collections have been misidentified or assigned to the wrong taxonomic group. 
Furthermore, only a small portion (1%) of bacterial strains have been successfully 
cultured (Stewart, 2012). Finally, morphological identification cannot distinguish 
toxin/terpene producers from non-producers (Neilan, 2002, Ouellette et al., 2006, 
Rantala et al., 2006). 
As a result of these limitations, DNA based approaches to cyanobacteria 
identification have been promoted and integrated into cyanobacteria identification 
(Marquardt and Palinska, 2007, Saker et al., 2007, Sánchez-Baracaldo et al., 2005, 
Valério et al., 2009, Willame et al., 2006, Komárek, 2006). 
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1.6.2. Molecular methods 
Various molecular markers have been used for cyanobacteria identification; 
these include the small ribosomal subunit (16S rDNA) (McGregor and Rasmussen, 
2008, Nübel et al., 1997), DNA-dependent RNA polymerase γ subunit (rpoC1) (Palenik 
and Haselkorn, 1992), phycocyanin intergenic spacer region (PC-IGS) (Neilan et al., 
1995) and the internal transcribed spacer region between the 16S and 23S rRNA genes 
(16S-23S ITS) (Dyble et al., 2002, Man-Aharonovich et al., 2007, Manen and Falquet, 
2002, Kim et al., 2006, Neilan et al., 1995, Robertson et al., 2001, Boyer et al., 2001, 
Johansen et al., 2011, Johansen et al., 2009, Gugger et al., 2005, Gaget et al., 2015). 
Since it was first described by Woese in 1987, the 16S rRNA gene has been the 
most widely used marker for community profiling and taxonomic purposes (Coenye and 
Vandamme, 2003, Komárek, 2006, Castenholz, 2001). This molecule is characterised 
by regions of high conservation, alternating with regions of variability, allowing for 
relatively unequivocal nucleotide alignments between conserved regions (Litvaitis, 
2002). Although displaying sequence variability, no single hypervariable region within 
the 16S rDNA is able to distinguish between all bacteria (Chakravorty et al., 2007). A 
study by Chakravorty et al. (2007) examining the degrees of sequence diversity between 
the different variable regions of the 16S rDNA found that the V2, V3 and V6 regions of 
the 16S rDNA contained the most variability and were able to provide the best targets 
for distinguishing between the 110 bacterial species used in their study.  Although 
containing useful variable regions (Woese, 1987), recent studies have found the 16S 
rDNA to be too conserved to differentiate between closely related species and does not 
have an evolutionary pattern reflective of the entire genome (Seo and Yokota, 2003, 
Lyra et al., 2001, Coenye and Vandamme, 2003). Restriction fragment length 
polymorphism (RFLP) studies of full-length 16S rRNA genes have shown that the 
filamentous heterocystous cyanobacteria can be divided into three discrete clades that 
did not reflect toxicity characteristics, and that Synechoccocus spp. 16S rDNA, although 
forming their own clade, were highly divergent (Lyra et al., 1997, Turner et al., 1999). 
This is supported by whole genome phylogenetic analyses which show that Subsection 
IV (Nostocales) and Subsection V (Stigonematales) intermingle and separate into 
heterocyte-producing and non-producing clades, while Subsection I (Chroococcales) 
and Subsection III (Oscillatoriales) are paraphyletic (Figure 1.4) (Litvaitis, 2002, 
Wilmotte and Herdman, 2001, Seo and Yokota, 2003, Valério et al., 2009).  
 




Figure 1.4: Cyanobacteria maximum likelihood (ML) species tree produced by concatenation of 31 
conserved proteins (modified from Shih et al. (2013); Branches were colour coded according to 
morphological subsection. Taxa names in red were genomes sequenced in the study by Shih et al. (2013). 
Black dots indicate nodes with > 70% bootstrap support. The seven major subclades observed were found 
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Another frequently utilised gene for cyanobacteria identification is the rpoC1 
locus; this gene encodes the γ subunit of RNA polymerase and is found within cells as a 
single copy (Bergsland and Haselkorn, 1991). Phylogenetic analyses using this locus 
usually provides taxonomic groupings similar to that observed using the 16S rDNA 
(Tomitani et al., 2006, Valério et al., 2009, Seo and Yokota, 2003), while providing 
more discrimination than that of the 16S rDNA at the species level (Palenik and 
Haselkorn, 1992, Lin et al., 2010). Even so, this locus is still too conserved to 
differentiate cyanobacteria from within individual genera (intrageneric differentiation) 
or for geographically restricted cyanobacteria (Han et al., 2009, Dall'agnol et al., 2012, 
Gugger et al., 2005). 
The interspacer region of the phycocyanin operon is highly variable amongst 
genotypes, is associated with observed morphologies and is capable of differentiating 
below the generic level (Bittencourt-Oliveira and Piccin-Santos, 2012, Bolch et al., 
1996, Dyble et al., 2002, Neilan et al., 1995, Saker et al., 2009). This locus is frequently 
amplified in conjunction with the α (cpcA) and β (cpcB) subunits of the phycocyanin 
gene that flank the intergenic spacer region (cpcBA-IGS) (Neilan et al., 1995). 
Although studies have shown that exchange of genetic material occurs for this region, 
with the length of the intergenic spacer region being highly variable, phylogenetic 
analyses are largely consistent with 16S rDNA sequence analysis (Berrendero et al., 
2008, Manen and Falquet, 2002, Neilan et al., 1995). 
In order to overcome the taxonomic limitations of the 16S rDNA, the 16S-23S 
ITS has been increasingly used (Janse et al., 2003). The 16S-23S ITS is variable in both 
length and the number of tRNA genes coded for (Iteman et al., 2000). Although length 
polymorphisms potentially cause alignment difficulties, alignment is still possible using 
a combination of primary and secondary structural features and has allowed the study of 
subgeneric relationships (Iteman et al., 2000, Rocap et al., 2002, Neilan et al., 1997b, 
Janse et al., 2003). Other studies have also suggested secondary structure predictions 
can improve alignments as these structures can base pair with the conserved regions of 
the 16S rRNA gene found upstream at the 5’ end and the 23S gene found downstream at 
the 3’ end respectively (Han et al., 2009, Boyer et al., 2001, Johansen et al., 2011, 
Johansen et al., 2009). 
Other cyanobacteria loci used for phylogenetic studies include the 
cyanobacteria RNA polymerase β and σ subunits (rpoB and rpoD1) (Gaget et al., 2011, 
Seo and Yokota, 2003, Rajaniemi et al., 2005); the rbcL gene, which codes for the large 
subunit of the ribulose 1, 5 diphosphate enzyme of the Calvin cycle (Gugger et al., 
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2002); the nifH gene, found only in diazotrophic cyanobacteria, that codes for the 
enzyme dinitrogenase reductase (Zani et al., 2000); hetR, a gene essential for heterocyte 
differentiation; and the DNA gyrase subunit β protein gene (gyrB) (Tomitani et al., 
2006, Han et al., 2009, Rajaniemi et al., 2005). 
Prior to direct sequencing of specific regions, fingerprinting techniques based 
on DNA polymorphisms were more commonly used for cyanobacteria identification 
and characterization. These techniques have been described (Mazel et al., 1990) and 
used in studies as short tandemly repeated repetitive sequences (STRR) (Valério et al., 
2009, Wilson et al., 2000), randomly amplified polymorphic DNA (RAPD) (Singh and 
Dhar, 2011, Casamatta et al., 2003, Neilan, 1995), restriction fragment length 
polymorphism (RFLP) (Iteman et al., 2002, Lyra et al., 2001), highly iterated 
palindromes (HIP1) (Robinson et al., 1995, Bittencourt-Oliveira et al., 2007a, 
Bittencourt-Oliveira et al., 2007b) and M13 fingerprinting (Valério et al., 2005, 
Muralitharan and Thajuddin, 2010, Valério et al., 2009). Briefly, STRRs are widespread 
in the cyanobacteria genome and thought to be of possible evolutionary significance 
(Rasmussen and Svenning, 1998); while the octameric HIP1 5’  C ATC C 
3’sequence has been found to be over represented in many (but not all) cyanobacteria 
genomes (Robinson et al., 1995). M13 fingerprinting uses a 15 bp repeat motif of 
bacteriophage M13 DNA, which is naturally present in many organisms (Ryskov et al., 
1988, Muralitharan and Thajuddin, 2010). Using these techniques, researchers have 
produced characteristic banding patterns from various cyanobacteria strains, suggesting 
the possible application of these techniques for identification and subtyping (Whitton 
and Potts, 2000, Robinson et al., 1995, Valério et al., 2009, Rasmussen and Svenning, 
1998). 
1.6.2.1. Limitation of molecular methods 
As molecular methods of cyanobacteria identification have become 
increasingly utilised, so too has the use of molecular phylogeny to determine homology 
and characteristics of the organism. In order to determine relationships between isolates 
and divergence between taxa, phylogenetic reconstructions are needed (Misof et al., 
2014). To construct molecular phylogenies, the alignment of molecular sequences or 
amino acids is required (Morrison and Ellis, 1997). However, multiple sequence 
alignments (MSA) are based on molecular homology, hence they are, by necessity, only 
approximations of the perfect assignment of homologous sequence positions (Misof et 
al., 2014, Morrison and Ellis, 1997). 
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To address the difficulties in performing sequence alignment, various 
alignment methods have been developed, with ClustalW (Thompson et al., 1994) being 
one of the most widely used classical progressive aligner (Landan and Graur, 2009). 
Other methods available include MAFFT (Katoh et al., 2002), MUSCLE (Edgar, 2004), 
PRANK (Löytynoja and Goldman, 2005) and PAGAN (Löytynoja et al., 2012). 
Due to computational limitations, most alignment methods initially construct a 
guide tree to estimate phylogeny and determine the order of taxa treatment. 
Assumptions (e.g. order in which the sequences were processed) made during the 
construction of this initial guide tree may persist, resulting in a phylogeny that is biased 
against the true (unknown) phylogenetic tree (Misof et al., 2014). 
Although possibly often overlooked (Löytynoja, 2014), alignment lengths, gap 
treatment options and alignment errors are known to affect phylogenetic reconstructions 
and the resolution of some areas of the tree (Morrison and Ellis, 1997, Lindgren and 
Daly, 2007, Liu et al., 2009, Löytynoja, 2012, Ogden and Rosenberg, 2006, Landan and 
Graur, 2009). Consequently, to improve phylogenetic performance, error prone sites can 
be removed either manually or automatically (Talavera and Castresana, 2007). To this 
end, automatic alignment editing-tools, such as Gblocks (Talavera and Castresana, 
2007, Castresana, 2000), REAP (Hartmann and Vision, 2008) and NOISY (Dress et al., 
2008), have been developed. 
Finally, phylogenetic reconstructions are performed in order to visualise the 
differences in taxa. Widely used methods of phylogenetic reconstruction include 
distance (Neighbour-joining/NJ by Saitou and Nei (1987) or Unweighted Pair Group 
Method (UPGMA) by Sokal and Sneath (1963)), Maximum Parsimony (MP), 
Maximum Likelihood (ML) (Felsenstein, 1981) and Bayesian Inference (BI) (Ronquist 
et al., 2009). Each of these methods use a different algorithm to generate phylogenies 
and have their individual advantages and drawbacks (Van de Peer, 2009, Harrison and 
Langdale, 2006, Ronquist et al., 2009). Furthermore, when building phylogenetic trees, 
it is also necessary to consider the substitution model used – this is especially true for 
trees constructed using the ML algorithm (Harrison and Langdale, 2006), with studies 
showing that the application of mixed substitution models being superior to standard 
DNA models in analyses based on rRNA sequences (Dohrmann et al., 2008, Letsch et 
al., 2010). Other artefacts that can contribute to bias in phylogenetic reconstructions 
include poor taxon sampling, long-branch attraction due to variability in rates of 
evolution and variance in evolutionary rate (heterotachy) (Som, 2015). 
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As a result, different combinations of each step of the phylogenetic 
reconstruction can produce different inferences, hence contributing to the difficulties 
encountered when attempting to identify and characterise cyanobacteria solely by 
molecular methods.  
Additionally, several terms are frequently encountered during the discussion of 
constructed phylogenies. These include monophyly, paraphyly and polyphyly. 
Schematics explaining the differences between these terms are shown in Figure 1.5. 
 
Figure 1.5: Simple schematic displaying the differences between monophyly, paraphyly and polyphyly 
(adapted from (Harrison and Langdale, 2006)). Isolates A and B within the green box form a 
monophyletic clade; Isolates A to G within the blue box form a paraphyletic clade; while Isolates A and E 
(red circles) are polyphyletic to each other.  
 
In addition to the limitations to molecular identification of cyanobacteria posed 
by the different choices for phylogenetic reconstruction, the presence of horizontal gene 
transfer (HGT) between cyanobacterial strains further complicates their identification. 
This transfer of genes between unrelated bacteria has the ability to complicate 
phylogenetic interpretations (Young, 2001). An example of such an occurrence within 
cyanobacteria is the observation of toxicity in C. raciborskii strains that do not show 
any relation to their phylogeny (Stucken et al., 2009). Speciation models have shown 
that at the beginning of speciation, mixed phylogenetic signals from different loci are 
obtained due to HGT and homologous recombination; and it is only later into the 
process of speciation that strong phylogenetic signals are obtained (Dvořák et al., 2015, 
Polz et al., 2013, Dvořák et al., 2014). 
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1.6.3. Polyphasic approaches 
In recent years, molecular data has increasingly formed the basis for taxonomic 
classification of environmental cyanobacterial strains. However without careful 
combination of genetic data with morphological diversity and variation, ecological and 
ecophysiological characteristics and ultrastructural information, it is not possible to 
develop an accurate cyanobacteria classification system (Komárek, 2006). In addition, 
the increasing integration of biochemical and molecular data have resulted in the 
renaming of many species (Wacklin et al., 2009, Zapomělová et al., 2009, Gugger et 
al., 2002, Rajaniemi et al., 2005). However these corrections cannot be easily 
incorporated into databases, causing confusion when attempting to identify 
environmental cyanobacteria isolates (Komárek, 2006). Furthermore, as not all 
commonly used loci have similar rates of evolution, it is necessary to take into account 
the different evolutionary rates in order to obtain accurate identification (Han et al., 
2009). 
To overcome the issue of misidentification, a number of studies (Berrendero et 
al., 2008, Valério et al., 2009, Rajaniemi et al., 2005, Lee et al., 2014, Engene et al., 
2011) have adopted a polyphasic approach for identifying newly isolated cyanobacteria 
strains. Despite this, several factors still hamper accurate cyanobacteria identification. 
These include incorrectly named sequences available in public databases (Komárek, 
2010b), strains with insufficient (or incorrect) morphological description (Komárek, 
2010b, Willame et al., 2006), arbitrary/incorrect naming of strains in culture collections 
and the absence of, or the use of a non-representative strains as the reference strains for 
taxonomic identification (Komárek, 2006, Komárek, 2010b, Rajaniemi et al., 2005). 
Therefore, there is an expectation that whole genome sequencing data from an ever 
increasing number of species, should make misidentified sequences in GenBank 
increasingly recognisable (e.g. a sequence identified to belong to Anabaena sp. amongst 
a majority of Nostoc sp. hits when a sequence similarity search is performed), allowing 
for a more prompt exclusion or revision. 
Finally, the advent of Next Generation Sequencing (NGS) in recent years, has 
allowed many culture-independent studies using the 16S rDNA (Caporaso et al., 2011, 
Kolmakova et al., 2014, Soo et al., 2014, Claesson et al., 2010, Mizrahi-Man et al., 
2013). This has greatly increased our awareness of the phylogenetic breadth of the 
cyanobacteria with the identification of additional major lines of descent (Soo et al., 
2014) and the detection of rarer taxa within complex communities. Using NGS, many of 
these novel sequences were identified as cyanobacteria in spite of being derived from 
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aphotic (light absent) sites. This observation led to the description of Melainabacteria, a 
new candidate phylum, sister to the cyanobacteria (Di Rienzi et al., 2013, Hofer, 2013) 
or a class within cyanobacteria (Soo et al., 2014). 
As a result of the increasing affordability and accessibility to this technology, 
multiple projects to sequence entire genomes of various reference cyanobacteria strains 
have been undertaken (Frangeul et al., 2008, Sinha et al., 2014, Kaneko et al., 2007) 
and to date, 39 complete cyanobacteria genomes are publically available in CyanoBase 




It is expected that in the near future, whole genome phylogeny (WGP), as 
initially demonstrated in a preliminary study by (Shih et al., 2013), will become a 
widely adopted phylogenetic reconstruction method. Studies on the Prochlorococcus 
marinus group (Prabha et al., 2014) and the class Melainabacteria (Soo et al., 2014) 
have already successfully applied this technology to determine phylogenetic 
relationships. However, until more genome sequences are collected, cyanobacteria 
identification and classification is likely to remain problematic. 




With the complexity involved in morphological and molecular identification of 
cyanobacteria, it is hypothesised that the use of different loci will affect the molecular 
identification and phylogenetic placement of environmental cyanobacteria isolates. 
Therefore, to aid in further establishing proper cyanobacteria identification and 
classification, this PhD study aimed to determine the effect of the various loci and 
phylogenetic reconstruction on cyanobacteria identification. Specifically the aims of 
this thesis were: 
1. To isolate strains of cyanobacteria from various water sources and 
generate genetic profiles using previously described genetic markers 
(16S rDNA, rpoC1, cpcBA operon and 16S-23S ITS) and to identify 
them. 
2. To identify and quantify the effect of the options used at each individual 
step during the process of phylogenetic reconstruction on the resultant 
phylogeny. 
3. To design cyanobacteria-targeted primers for use with Next Generation 
Sequencing (NGS) and test their utility for the detection and 
identification of cyanobacteria from complex environmental microbial 
communities.
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CHAPTER 2. GENERAL MATERIALS & 
METHODS 
2.1. Water Sources 
Freshwater samples (600 mL – 1 L) were collected mostly in the warmer 
months (between September-May) from 2011 to 2013. Water samples from protected 
reservoirs in the Great Southern region were kindly collected and provided by the West 
Australian Water Corporation. Other samples were collected from various rural and 
urban public freshwater sources (e.g. lakes, ponds, drains) on an ad hoc basis. All 
samples were refrigerated upon collection and stored at 4ºC until processing (within 7 
days of collection). The locations and number of times each location was sampled are 
listed in Appendix 1. 
2.2. Isolation and maintenance of cyanobacteria 
Water samples were pre-filtered through qualitative filter paper no.1 
(Advantec, Japan) and sterile 0.2 and 0.45µm mixed cellulose ester (MCE) filter 
membranes (Advantec, Japan) to concentrate organisms present in samples. Half of 
each filter was placed in 50 mL of either Artificial Seawater Medium (ASM-1, 
Appendix 2), or modified ASM-1 medium having reduced (10% of original recipe) or 
no nitrates (NO3
-





, and photoperiod of 18h light/6h dark cycles. Cyanobacteria strains 
were then isolated using the following methods (Rippka, 1988): 
1. Agar plate streaking 
2. Serial dilution to extinction in 24 well plates, 3mL media/well (Corning, NY) 
3. Micromanipulation (using a MO-102 micromanipulator, Narishige, Japan) 
4. Sequential centrifugation at varying speeds using an Allegra X-15R centrifuge 
(Beckman Coulter, USA) 
After repeated passages, usually via serial dilutions, to remove unwanted 
organisms and to obtain cyanobacteria of identical phenotype (as single cells, colonies 
or filaments), which were presumed to be unialgal, cultures were transferred into either 
75 cm
3 
vented culture flasks (Greiner Bio-One, Germany), or in 125 cm
3
 petri dishes 
(Greiner Bio-One, Germany) for long term culture. The type of culture vessel used was 
dependent on whether the isolate was planktic or benthic respectively. These cultures 
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When cultures were grown for experimental purposes, aliquots of 
exponentially growing cells were transferred into 1 L sterile glass culture flasks 




 for the duration of the 
experiment (Giglio et al., 2011) so as to promote increased growth rates.  
All cultures were maintained at 25ºC with a 16h light, 8h dark photoperiod.  
2.3. Extraction of cyanobacterial DNA 
After a stably growing population with homogenous phenotype was obtained; 
aliquots of cyanobacterial biomass (25mL of cell suspension or ~5g of microbial mats) 
were collected from the culture flasks into sterile 50 mL polypropylene tubes (Greiner 
Bio-One, Germany). The tubes were centrifuged at maximum speed (12,000 x g) for 30 
minutes using an Allegra X-15R centrifuge (Beckman Coulter, USA) and the 
supernatant was discarded. Genomic DNA was extracted from the pellet using the 
Wizard SV Genomic DNA Purification System
®
 (Promega, USA) according to the 
manufacturers’ instructions. The DNA obtained was quantified using a Nanodrop ND-
1000 Spectrophotometer (Thermo Scientific, USA). For NGS studies, crude DNA 
extracts were prepared by multiple freeze-thawing cycles of culture suspensions (1-
2mL) as previously described by (Gaget et al., 2011). 
2.4. PCR amplification and sequencing of target genes 
Two types of polymerase chain reaction (PCR) were performed in the process 
of this study 1) Conventional Standard PCR and 2) Quantitative PCR (qPCR). All PCR 
reagents were stored frozen, separate from DNA preparations and amplicons. All PCR 
reactions were prepared in a sterile DNA-free and RNA-free laminar flow hood. The 
primers used and their target loci are listed in Appendix 3. 
2.4.1. Conventional Standard PCR 
All PCR reactions were performed in 20 µL volumes and run on either a G-
Storm GS1
®
 (Kapa Biosystems, USA) or a Veriti 96-Well Fast Thermal Cycler
®
 
(Applied Biosystems, USA). Cycling conditions varied depending on the locus targeted. 
PCR amplification products were visualised by 1% w/v agarose gel electrophoresis 
containing SYBR Safe Gel Stain
®
 (Invitrogen, USA) and visualised with a dark reader 
trans-illuminator (Clare Chemical Research, USA). Detailed information on specific 
PCR protocols are provided in individual chapters. 
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2.4.2. Quantitative PCR (qPCR) 
Quantitative PCR (qPCR) reactions were performed in 25 µL reaction volumes 
and run on a StepOne System
®
 (Applied Biosystems, USA). Fluorescence was 
measured in real-time using SYTO 9
®
 (Life Technologies, USA) intercalating DNA 
dye. Cycling conditions varied depending on target region and primer sets used. 
Detailed information on specific qPCR protocols are provided in individual chapters. 
 
2.5. Sequencing and analysis of amplified products 
2.5.1. Sanger sequencing 
After visualisation of PCR products, amplicons corresponding to the expected 
length of the targeted gene were excised from the gel using a new scalpel blade for each 
band excised. The products were then purified using either a MO BIO UltraClean DNA 
purification kit
®
 (MOBIO Laboratories, USA), or purified using a previously described 
filter tip method (Yang et al., 2013). Using the primers corresponding to the PCR 
products, eluted PCR products were then sequenced in each direction with an ABI 
Prism Terminator Cycle Sequencing kit
®
 (Applied Biosystems, USA). The sequencing 
conditions used were 96C for 2 min, followed by 35 cycles of 96C for 10 sec, the 
appropriate annealing temperature for the specific primer used for 5 sec and 60C for 4 
min. Sequencing reactions were purified by ethanol precipitation (Sambrook and 
Maniatis, 2001) and analysed on an Applied Biosystem 3730 DNA Analyser
®
 (USA) 
according to the manufacturers’ instructions. 
2.5.2. Analysis of sequenced chromatograms 
Sequencing chromatogram files were edited using FinchTV version 1.4 
(PerkinElmer, USA: http://www.geospiza.com/Products/finchtv.shtml) and imported 
into Bioedit Sequence Alignment Editor (Hall, 1999) to generate consensus sequences. 
These were then imported into MEGA 5 (Tamura et al., 2011) for alignment and 
phylogenetic analyses. Phylogenetic analyses were conducted on the sequences 
obtained together with those retrieved from GenBank using the Basic Local Alignment 
Search Tool (BLAST) algorithm (NCBI, USA: http://blast.ncbi.nlm.nih.gov/Blast.cgi). 
Models with the lowest Bayesian Information Criterion (BIC) scores were calculated 
using MEGA 5 (Tamura et al., 2011). Maximum likelihood (ML), maximum parsimony 
(MP) and distance (neighbor-joining/NJ) trees were constructed using MEGA 5 
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(Tamura et al., 2011) using the options specified by the BIC score, and tree reliability 
evaluated using bootstrap analysis. 
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CHAPTER 3. POLYPHASIC IDENTIFICATION OF 
CYANOBACTERIAL ISOLATES FROM AUSTRALIA 
3.1. Introduction 
Cyanobacteria identification, enumeration and classification have traditionally 
been based on light-microscopy observations, using morphological characteristics such 
as cell size, cell fission type, trichome width, shape of the terminal cells, shape, size and 
position of specialised cells such as akinetes and heterocytes, presence of aerotopes 
(Castenholz, 2001). However, this approach requires considerable operator skill and 
time; with distinctive phenotypic characteristics varying significantly within species, or 
even being lost, due to environmental or culture conditions, growth phase and use of 
fixatives (Lyra et al., 2001, Whitton and Potts, 2000). Furthermore, manifestation of 
ecotypes, or microbial pleomorphism during long-term cultivation, has resulted in a 
large number of strains being misidentified, with disagreeing nomenclature and 
morphological descriptions (Komárek, 2006, Komárek, 2010b). 
These well-known limitations to morphology-based identification have 
promoted the development of DNA-based approaches as a means of reliably identifying 
cyanobacterial isolates (Valério et al., 2009, Willame et al., 2006). However, 
identification of unknown isolates using only molecular methods of identification still 
remain hampered by i) sequence conservation of the frequently used 16S rDNA and; ii) 
the sequence availability and cyanobacteria variety of alternative loci (e.g. 16S-23S 
ITS, rpoC1, cpcBA-IGS). 
With time, the rapid expansion of available sequence data (Figure 3.1) is 
expected to allow increasingly accurate molecular identification of cyanobacteria and 
help in resolving the discrepancies between microscopy and molecular approaches. In 
light of the current maturity of the sequence databases, taxonomy and molecular tools 
(Komárek et al., 2011, Siegesmund et al., 2008, Strunecky et al., 2011, Wacklin et al., 
2009), the aim of this chapter was to determine how well morphological and molecular 
tools corroborate for the identification of cyanobacteria isolates. To this end, 
cyanobacteria were isolated from randomly selected locations in Western Australia, 
from which there have been few cyanobacteria studies performed, for use in the present 
study. 
 




Figure 3.1: Number of cyanobacteria sequences within GenBank for the 16S, rpoC1 and phycocyanin loci 
over time. Data obtained from NCBI Nucleotide Database (http://www.ncbi.nlm.nih.gov/nuccore). 
References indicate papers characterising or reporting changes to cyanobacteria taxonomy and 
nomenclature. Figure updated from (Lee et al., 2014) 
 
3.2. Materials and Methods 
3.2.1. Isolation and cultivation of cyanobacterial strains 
Freshwater samples (n=50; 1 L each) were collected between November 2010 
and June 2011, from various randomly selected locations in Western Australia, 
including i) protected freshwater reservoirs in the Great Southern region, with restricted 
access and excellent water quality (GS samples; n=6); ii) urban lentic systems, in the 
Perth metropolitan area, with free public access (n=3) and; iii) shallow, rural, lotic 
systems, which comprised of a drain and a river (n=2) (Table 3.1). Water qualities from 
the urban and rural systems, although not comparable to that of the reservoirs, were 
neither excessively poor nor experiencing cyanobacterial blooms. Cyanobacteria were 
isolated and maintained as described in section 2.2. 
In addition to the Western Australian isolates, strains from the culture 
collection at the Australian Water Quality Centre (AWQC), which were mostly 
collected in the early-mid 1990s during surveys of Australian freshwater sources, were 
also included in the study. The surveys included protected and open freshwater 
reservoirs from New South Wales, Victoria and South Australia (n=6), open rural lentic 
systems from New South Wales (n=2) and open rural lotic systems from New South 
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Wales and Victoria (n=2) (Table 3.1). AWQC isolates were grown in 50 cm
2
 tissue 
culture flasks with vented lids (Greiner Bio-one, Germany), containing 20–30 mL of 
ASM-1 medium (pH adjusted to 7.6). Cultures were incubated at 20C under a photon 




 provided by cool white light (18 h/6 h light/dark cycle). 
3.2.2. Morphological identification  
After obtaining a stable population of cells (either unicellular, as colonies or 
filaments) exhibiting homogenous phenotype and steady growth, each isolate was 
subcultured into 50 cm
3
 tissue culture flasks, containing, approximately, the same 
number of cells/filaments and the same medium (ASM-1 or modified ASM). In order to 
identify (to the species or lowest determinable level of identification) the isolates 
obtained, microscopic identification of these sister cultures was performed by two 
independent laboratories (Dalcon Environmental, WA and Water Planning Ecology 
Department, Qld). Observations were performed by light microscopy at various 
magnifications on a large number of live cells (i.e. un-fixed), either directly in the 
culture flask, or by making multiple fresh mounts of the cultures. Morphological traits 
used for isolate identification include presence/absence and shape of akinetes, the 
location of heterocysts in relation to akinetes and cell shape.  
3.2.3. Molecular and phylogenetic analyses 
DNA was extracted from the West Australian samples as described in section 
2.3. Cyanobacterial DNA obtained from the AWQC was kindly provided by Steven 
Giglio (Healthscope Pathology). The DNA was extracted using the DNeasy kit
®
 
(Qiagen, USA) according to the manufacturers’ instructions. 
All PCR reactions were run on a G-Storm GS1 standard block thermal cycler 
(Kapa Biosystems, USA). A partial fragment (313 bp) of the hypervariable V4 region of 
the 16S rDNA was amplified using the cyanobacterial-specific PCR protocol previously 
described (McGregor and Rasmussen, 2008), except that the reverse primers 
CYA781R(a) and CYA781R(b) (Nübel et al., 1997) were used instead. Amplification 
of rpoC1 (409bp) was performed using cyanobacteria-specific primers rpoC1-1 and 
rpoC1-T (Palenik and Haselkorn, 1992). Partial fragments (423bp) of the cpcBA-IGS 
and corresponding flanking regions cpcB and cpcA were amplified using the primers 
cpcBF (UPF) and cpcAR (URP) as described by (Robertson et al., 2001). Visualisation, 
sequencing and analysis of the amplicons are described in section 2.4 and 2.5. 
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Phylogenetic analyses were conducted on the sequences obtained during the 
present study (GenBank accession numbers JQ811771 to JQ811820) as described in 
section 2.5.2. Sequences retrieved from GenBank were selected using the results of the 
morphological identifications as a guide, and on the basis on their e value (values 
closest to zero) and percentage query coverage. MEGA 5 (Tamura et al., 2011) was 
used for sequence manipulations, ClustalW (Larkin et al., 2007) for alignments and the 
p-distance model (Kimura, 1980) was used for the calculation of the pair-wise 
evolutionary distances. Parsimony information and phylogenetic analyses of aligned 
sequences were conducted using NJ, MP and ML methods in MEGA 5 (Tamura et al., 
2011); tree reliability was evaluated with bootstrap analysis of 500 replicates. For the 
purpose of molecular identification, a percentage sequence similarity cutoff of 98% and 
95% for species and genus identification respectively was used for the 16S rDNA 
(Stackebrandt and Goebel, 1994). As a result of the much smaller number of sequences 
available (Figure 3.1) for the rpoC1 and cpcBA-IGS loci, 95% and 90% similarity 
values respectively were used for species and genus identification. 
3.3. Results 
From the 11 Western Australia sampling sites, 29 isolates were obtained; of 
these, 12 were obtained from protected reservoirs, five from urban lentic systems and 12 
from rural lotic waters. The Western Australian isolates were studied together with the 
10 cyanobacteria isolates from the AWQC (Table 3.1). 
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Table 3.1: Collection sites and identities of the 39 cyanobacterial isolates used in the present study. 




Protected freshwater reservoirs (WA) 
(n=6) 
Great Southern Region 1 2 GS1-1, GS1-2 
Great Southern Region 2 1 GS2-1 
Great Southern Region 3 2 GS3-1, GS3-2, 
Great Southern Region 4 2 GS4-1, GS4-2 
Great Southern Region 5 3 GS5-1, GS5-2, GS5-3 
Great Southern Region 6 2 GS6-1, GS6-2 
Protected freshwater reservoirs (NSW) 
(n=4) 
Chaffey Dam 1 AWQC-ANA019-BR 
Burrinjuck Reservoir 1 AWQC-ANA150-A 
Copeton Dam 1 AWQC-ANA278-FR 
Pejar Dam 1 AWQC-ANA318 
Protected freshwater reservoir (VIC) 
(n=1) 
Fish Creek Farm Dam 1 AWQC-ANA148-CR 
Protected freshwater reservoir (SA) 
(n=1) 
Millbrook Reservoir 1 AWQC-MIC058-B 
Open urban lentic systems (WA) (n=3) 
Chelodina Wetland Reserve 1 Chelodina wetland type 1 
Frederick Baldwin Park 3 Baldwin park types 1, 2, 3 
Hyde Park 1 Hyde Park type 1 
Open rural lentic systems (NSW) (n=2) 
Lachlan River, Booligal 1 AWQC-ANA118-AR 
Willandra Creek 1 AWQC-ANA196-A 
Open rural lotic systems (WA) (n=2) 
Buayanup Drain 2 Buayanup drain types 2, 4 
Vasse River 10 Vasse River types 1, 2, 3, 6, 8, 9, 12, 13, 14, 15 
Open rural lotic systems (NSW) (n=1) Lake Cargelligo 1 AWQC-ANA131-CR 
Open rural lotic systems (VIC) (n=1) Murrary River, Swan Hill 1 AWQC-ANA335-C 
Grand-total   39 
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3.3.1. Comparison of morphological data 
All 39 isolates were examined and identified morphologically: 17 isolates were 
analysed by two independent taxonomists (replicate identifications), while 22 isolates 
were analysed by either one of the two taxonomists (unique identifications) (Figure 3.2, 
Table 3.2). 
Overall, only 46% of the isolates (18/39) were morphologically identified to 
species level by at least one taxonomist; the remaining isolates (54%; 21/39) were 
identified only to the genus level (Table 3.2). For the 17 isolates that were analysed by 
both taxonomists, morphological identifications were in complete agreement for only 
three isolates (18%, 3/17): Buayanup drain type 2 (Anabaena torulosa), Hyde park type 
1 (Anabaenopsis elenkinii) and Vasse River type 6 (Sphaerospermopsis 
aphanizomenoides) (Figure 3.2, Table 3.2). Baldwin park type 3 was also identified to 
the species level by both taxonomists, but as different species (Anabaena oscillaroides 
versus Sp. aphanizomenoides). For a further six isolates (35%, 6/17), morphological 
identifications were in agreement at the genus level, while, with the exception of 
Baldwin Park type 3, the lack of identifying features allowed identification of the 
remaining seven isolates (41%), to either family, or order– level only (Figure 3.2, Table 
3.2). 




Figure 3.2: Number of cyanobacterial isolates identified at order, genus or species-level, using molecular 
and morphological methods. Depending on the isolate, morphological identifications were carried out by 
either one (unique identifications), or two independent taxonomists (replicate identifications). Where 
isolates were examined in duplicate, the number of isolates providing agreement between the replicate 










































Species Genus Family/Order Unclassified 
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Table 3.2: Identification of the 39 cyanobacterial isolates used in the study, based on 16S rDNA, rpoC1, cpcBA-IGS sequences and isolate 
morphology. Percentage similarity at each locus was calculated in MEGA 5 (Tamura et al., 2011), as the pairwise evolutionary divergence, with a p-
distance model (Kimura, 1980). 
Sub-group Isolate 
Molecular Identification Morphological identification 
Related sequence (percentage similarity)   















D. affine |FN691906 
(100%) 




D. circinale |AF199423 
(100%) 




D. circinale |AF199423 
(100%) 




D. circinale |AF199423 
(100%) 





(D. circinale AWQC150-A 
|AF247573) 
D. circinale |AF199423 
(100%) 
– D. circinale N.A. 
AWQC-
ANA196-A 
Ap. gracile |HQ157688 
(100%) 
Ap. gracile |EU078450 
(97%) 
– D. circinale N.A. 
AWQC-
ANA278-FR 
D. flos-aquae |AB551438 
(100%) 
– – D. circinale N.A. 
AWQC-
ANA335-C 
D. circinale |AF247588 
(100%) 





D. circinale |AF199425 
(100%) 
– D. circinale N.A. 
Baldwin Park 
type 2 
A. oscillaroides |AJ630428 
(94%) 
Anabaena sp. |AF199432 
(86%) 
Anabaena sp. |AF199433 
(86%) 
– N.A. Anabaena sp. 1 
Baldwin Park 
type 3 
Nostoc sp. PCC8976 
|AM711525 (100%) 
Nostoc sp. |AB087403 





A.  oscillaroides 

















drain type 2 






A. sphaerica |DQ439645 
(92%) 




Ap. gracile |EU078532 
(99%) 
– 
Ap. gracile |FN552318 
(97%) 
D. compacta |AY702239 
(97%) 
Anabaena sp. Anabaena sp. 
GS1-2 
N. punctiforme |GQ287652 
(97%) 
A. variabilis |CP000117 
(89%) 
– Anabaena sp. Anabaena sp. 
GS2-1 
N. commune |DQ185223 
(99%) 
N. commune |AB251863 
(99%) 
Pseudanabaena sp. 
PCC7367 |CP003592 (76%) 
Pseudanabaena sp. 
|EF680776 (80%) 
Nostocales Nostoc sp. 
GS4-2 A.bergii |FR822617 (100%) – 















T. variabilis |AJ630456 
(100%) 
T. variabilis |JQ390607 
(100%) 




N.A. Anabaena sp. 
GS5-3 
Nostoc sp. |FJ948088 
(99%) 
– 
Nostoc sp. PCC6720 
|JF740673 (94%) 
Anabaena sp. Anabaena sp. 
Hyde Park 
type 1 
An. circularis |GQ859629 
(100%) 
An. circularis |EU078479 
(89%) 
An. elenkinii |FN552383 
(96%) 
An. elenkinii An. elenkinii 
Vasse River 
type 1 
D. flos-aquae |AY701573 
(100%) 




Anabaena sp. D. flos-aquae 

















Anabaena sp. PCC9109 
|AY768408 (99%) 
Anabaena sp. |EU078475 
(87%) 
Anabaena sp. PCC 9109 
|AY768473 (96%) 
N.A. Anabaena sp. 
Vasse River 
type 3 
A. sphaerica |GQ466513 
(100%) 
A. variabilis |AB074795 
(100%) 
N. linckia |AY466120 
(99%) 















Calothrix sp. |GQ859627 
(98%) 
















Planktothrix sp. |AF212922 
(100%) 
L. redekei |EU078512 
(100%) 




























Pseudanabaena sp. PCC 
7409 |M99426 (82%) 
Pseudanabaena sp. Ps. galeata 
GS4-1 
Planktothrix sp. |AF212922 
(100%) 
L. redekei |EU078512 
(100%) 















Pseudanabaena sp. Ps. galeata 




16S rDNA sequence previously available (GenBank Acc. No AF247573); –  = No sequence data obtained; N.A.= Not examined; A.= Anabaena; An.=Anabaenopsis; 
Ap.=Aphanizomenon; C.=Cylindrospermum; D.=Dolichospermum; G.=Geitlerinema; L.=Limnothrix; M.=Microcystis; N.=Nostoc; O.=Oscillatoria; P.=Planktothrix; 
Ps.=Pseudanabaena; Sp.=Sphaerospermopsis; T.=Trichormus. Sequences with percentage molecular similarity above the threshold used for identification are in bold. For species 

















M. flos-aquae |AF139328 
(98%) 
– – N.A. Microcystis sp. 
AWQC-
MIC058-B 
M. flos-aquae |AF139328 
(100%) 
M. aeruginosa |AP009552 
(98%) 













































– – N.A. Aphanothece sp. 1 
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3.3.2. Comparison of molecular identification and 
phylogenetic analysis at different loci 
Partial sequences were successfully obtained for the 16S rDNA (n=36), rpoC1 
(n=22) and cpcBA-IGS (n=19) loci. Amplification at all three loci was successful for 
23% (9/39) of the isolates (Table 3.2). Of the remaining isolates, 33% (10/30) amplified 
successfully at both the 16S rDNA and cpcBA-IGS loci, 33% (10/30) were successfully 
amplified at the 16S rDNA and rpoC1 loci, while the remaining 33% (10/30) 
successfully amplified at only one locus (Table 3.2). Tree topologies for all three loci 
were relatively similar (Figures 3.3, 3.4 and 3.5), with the isolates included in distinct 
clusters according to their orders (Table 3.2, Figures 3.3, 3.4 and 3.5). 
Based on the percentage similarity threshold set (in the Materials and 
Methods), when all three loci were successfully sequenced from any given isolate and 
compared, molecular identifications agreed at the species level for only one isolate 
(Vasse River type 6) and at the genus level for one other isolate (Vasse River type 13). 
Where successful amplification was obtained for only two loci, agreement at the species 
level for 25% (5/20) of the isolates was obtained. A further 50% (10/20) of the isolates 
agreed at the genus level, while the remaining 25% either agreed at the order level, or 
had no agreement at the loci amplified (Table 3.2, Figure 3.6). 
Analysis of the 16S rDNA data (313 characters; 110 parsimony informative 
sites), showed the existence of six major clusters, within the three major cyanobacterial 
orders: the Chroococcales (subsection I; n=8; two clusters), Oscillatoriales (subsection 
III; n=6; three clusters) and Nostocales (subsection IV; n=22; a single large cluster) 
(Figure 3.3) (Castenholz, 2001). The Chroococcales included sequences from planktic, 
unicellular coccoids, isolated mainly from the Vasse River and from two isolates (GS3-
1 and AWQC-MIC058-B), which were multicellular planktic colonies. The 
Oscillatoriales included benthic, non-heterocystous, filamentous (non-branching) 
strains, from a variety of locations. All other 16S rDNA sequences were obtained from 
cultures of filamentous (non-branching) strains clustering within the Nostocales, of 
which several genera were polyphyletic (Figure 3.3). 
At the rpoC1 locus (409 characters; 335 parsimony informative sites), the 
genotypes identified belonged to the Nostocales (n=17), Oscillatoriales (n=1) and 
Chroococcales (n=4) (Figure 3.4). Interestingly, GS2-1 grouped with Pseudanabaena 
sp. (Oscillatoriales) (bootstrap value > 50%), while Baldwin park type 2 clustered with 
A. cylindrica, within the Nostocales subsection. This is in contrast to the 16S rDNA 
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locus, where GS2-1 and Baldwin park type 2, respectively grouped with Nostoc 
commune (bootstrap > 70%), or formed a clearly distinct branch, basal to the order 
(Figure 3.3). As with the 16S rDNA tree (Figure 3.3), multiple clusters of the 
Chroococcales were also evident from the rpoC1 tree (Figure 3.4), with four sequences 
grouped within this order: AWQC-MIC058-B, Vasse River types 9 and 13 and GS6-1. 
The remaining 17 sequences clustered within the Nostocales, which was characterised 
by the distinct positions of Vasse River type 2, Buayanup drain type 2 and GS5-2. 
Analysis of the cpcBA-IGS locus (423 characters; 396 parsimony informative 
sites) showed that, apart from GS2-1, which grouped strongly (bootstrap value >80%) 
with Pseudanabaena sp. (Oscillatoriales) on an isolated branch, the overall topology 
was similar to that obtained for the 16S rDNA (Figure 3.5). As with the 16S and rpoC1 
loci, the Nostocales (10 sequences) and the Chroococcales (2 sequences) formed 
monophyletic groups, while the Oscillatoriales (7 sequences) were paraphyletic (Figure 
3.5). 
As the majority of cpcBA-IGS sequences available from GenBank to date 
mainly belong to relatively few genera (e.g. Arthrospira, Synechococcus, Phormidium ), 
large distance values and the presence of isolated branches were observed for the tree 
based on this locus (Figure 3.5). Baldwin park type 2 could not be successfully 
amplified at this locus and only GS4-1, GS4-2, Baldwin park type 1 and Vasse River 
type 3 exhibited almost complete (>99%) homology with available sequences (Figure 
3.5, Table 3.2). 




Figure 3.3: Maximum Likelihood tree based on the 16S rDNA sequences (313 bp) showing the clustering 
of isolates obtained. Branch support values greater than 50% for ML, MP and NJ analyses respectively 
are indicated left of the nodes. Bar, 0.05 substitutions per site. The outgroup was removed to facilitate the 
visualisation of the isolates. *Sequence previously submitted to GenBank with accession number 
AF247573. 




Figure 3.4: Maximum Likelihood tree based on the rpoC1 sequences (409 bp) showing the clustering of 
isolates obtained. Branch support values greater than 50% for ML, MP and NJ analyses respectively are 
indicated left of the nodes. Bar, 0.1 substitutions per site. The Synechococcus cluster containing GS6-1, 
Vasse River types 9 and 13 were removed to facilitate visualisation of the other isolates. 
.




Figure 3.5: Maximum Likelihood tree based on the cpcBA-IGS sequences (423 bp) showing the 
clustering of isolates obtained. Branch support values greater than 50% for ML, MP and NJ analyses 
respectively are indicated left of the nodes. Bar, 0.2 substitutions per site. 
 




Figure 3.6: Comparison of the extent of agreement between molecular identifications of cyanobacterial 
isolates with at least two successfully sequenced loci. All three loci (16S rDNA, rpoC1 and cpcBA-IGS) 
were included in the analysis, so as to allow visualisation of all isolates that were successfully sequenced 
at > two loci. The numbers indicate the isolates for which agreement between the loci was found at 
species level (panel A), or at least genus level (i.e. identification of isolates were the same to either 
species or genus level) (panel B).   




3.3.3. Comparison between morphological and molecular 
identifications 
Discrepancies between morphological and molecular identifications were 
observed for several isolates (Table 3.2). For example, Hyde park type 1 was identified 
on the basis of the sequence at the cpcBA-IGS locus and morphologically as An. 
elenkinii. However, at the 16S rDNA locus it was closest to An. circularis. Further 
molecular identification of Hyde park type 1 was hampered by the paucity of An. 
circularis and An. elenkinii sequences at both the rpoC1 and cpcBA-IGS loci which 
prevented confident identification based on data from these loci. 
The isolate Buayanup drain type 2, which was identified morphologically as A. 
torulosa was most similar to A. oscillaroides at the 16S rDNA locus and to A. spherica 
at the cpcBA-IGS locus (no A. oscillaroides sequences were available at this locus). 
Isolates GS6-1 and Vasse River types 9, 12 and 13 were identified to Aphanothece sp. 
by morphology. However, using molecular methods, they were phylogenetically more 
similar to Synechococcus sp. (HE975005) than to Aphanothece minutissima 
(FM177488) (Figure 3.3). Morphologically, AWQC-ANA196-A was identified as 
Dolichospermum circinale, but was phylogenetically placed with Aphanizomenon 
gracile, using the 16S rDNA and rpoC1 sequence data (Table 3.2). This was also 
observed for GS4-2, which was identified morphologically as a Nostoc sp. or Sp. 
aphanizomenoides, but was found to be most closely related to An. bergii (100% 
similarity) at both the 16S rDNA and cpcBA-IGS loci. Similarly, although Baldwin 
park type 1 and GS4-1 were identified morphologically to the Oscillatoriales (either to 
order or genus level), they showed 100% similarity to various Limnothrix spp. and 
Planktothrix spp., at the 16S rDNA locus and to Geitlerinema amphibium (FJ545644), 
at the cpcBA-IGS locus. 
Overall, for the nine isolates for which sequence data was obtained for all loci 
studied, microscopic and molecular data from at least one locus were in agreement at 
genus level for all isolates, except Vasse River type 13. However, agreement between 
morphological and molecular identifications, from all three loci, was obtained for only 
one isolate (Vasse River type 6) (Table 3.2). When morphology was compared with two 
loci for all isolates (16S rDNA plus, either rpoC1, or cpcBA-IGS), species identities for 
AWQC-ANA150-A (D. circinale) and AWQC-ANA318 (D. circinale) were in 
agreement. When morphological data was combined with molecular identification from 
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any one locus, a further seven isolates could be identified to the species level. These 
included AWQC-ANA118-AR, AWQC-ANA131-CR, AWQC-ANA148-CR, AWQC-
ANA335-C (D. circinale), Hyde park type 1 (An. elenkinii), AWQC-MIC-058-B 
(Microcystis flos-aquae) and Vasse River type 1 (D. flos-aquae). Of the remaining 
isolates, 31% (12/39) were in agreement at the genus level, 28% (11/39) to the order 
level, while no agreement was obtained for the remaining 15% (6/39) (Table 3.2). 
3.3.4. Identification of novel isolates 
Based on their unique/variable phylogenetic positions and large difference in 
percentage identity from available sequences, two potentially new species from the 
Nostocales were identified. For Baldwin park type 2, analyses at the 16S rDNA showed 
only 94% similarity to A. oscillaorides, and 77% similarity to Anabaena sp. at the 
rpoC1 locus; while for GS2-1, high sequence identity to N. commune was seen at the 
16S rDNA locus (99%), but sequences at the rpoC1 and cpcBA-IGS indicated that the 
strain was a Pseudanabaena sp. These new strains could only be morphologically 
identified to genus level (Baldwin park type 2 – morphologically identified as 
Anabaena sp. 1 and GS2-1 – morphologically identified as Nostoc sp.). Of particular 
note, 17 novel sequences with <95% similarity to previously published sequences were 
obtained during this study, with the majority of the novel sequences being observed at 
the rpoC1 locus. 
3.4. Discussion 
The purpose of this study was to determine how well molecular and 
morphological methods corroborated in identifying cyanobacterial isolates. 
Furthermore, although there have been investigations on cyanobacterial diversity in 
Australia (Fergusson and Saint, 2000, McGregor and Rasmussen, 2008, Papineau et al., 
2005, Saker et al., 2009), this is the first study involving and focusing on phenotypic 
and genotypic characterisations of freshwater cyanobacteria from Western Australia. 
Despite major revisions to the taxonomy and systematics of cyanobacteria, of 
the 17 isolates microscopically examined in duplicate, agreement at species level was 
obtained for only three isolates, with a further seven in agreement to the genus level. 
Examples of genera that are difficult to differentiate between include small unicellular 
cyanobacteria such as Aphanothece, Synechocystis and Synechococcus, and thin 
filamentous strains such as Leptolyngbya, Limnothrix and Pseudanabaena, which share 
similar morphology. This clearly highlights the current difficulties in morphological 
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identification of cyanobacteria from environmental samples. As such, during monitoring 
of water bodies, it may be beneficial to utilise more than a single taxonomist. However, 
in order to maintain the consistency and integrity of the morphological identifications, 
having morphological identifications done by the same taxonomist for the duration of 
the study is also of importance in order to maintain identification consistency. 
Overall, tree topologies for the 16S rDNA and rpoC1 genes were similar to 
previous publications (Valério et al., 2009, Tomitani et al., 2006, Lyra et al., 2001, 
Litvaitis, 2002, Fergusson and Saint, 2000). Although the 16S rDNA alignment was 
relatively short (313 characters), using full-length reference sequences from GenBank 
did not alter the clustering patterns and tree topology (data not shown). Despite 
producing similar clustering patterns to previously published trees, the support values 
for the 16S rDNA phylogeny was generally lower than those of the rpoC1 and cpcBA-
IGS loci. However, this low branch support can also be observed in other publications 
(Lukešová et al., 2009, Tomitani et al., 2006), providing further indication that the short 
sequence lengths used did not adversely affect the phylogenetic inferences drawn. 
Moreover, an rpoC1 amino acid alignment produced a similar tree to that obtained in 
Figure 3.5 (data not shown). 
The strictly qualitative nature of this study discourages the application of a 
statistically meaningful analysis or inference of ecological and water quality parameters 
of the sampled sites. In particular, the isolation methods implemented may have 
favoured isolation of particular species and cannot therefore be used to comprehensively 
survey the original cyanobacteria communities. This is evidenced by the majority of the 
isolates obtained belonging to the Nostocales, when the majority of previous 
cyanobacteria surveys from Western Australia indicate that Oscillatoriales and/or 
Chroococcales predominate in the water bodies of the region (Lund and Davis, 2000, 
Gordon et al., 1981, Garby et al., 2013, Kemp and John, 2006). Even so, 22% of the 
total number of sequences obtained had less than 95% similarity to previously published 
sequences (at any of the three loci studied), confirming that many genotypes of 
freshwater cyanobacteria in Western Australia are still unexplored. 
The present study identified two potentially new species of cyanobacteria; of 
these, GS2-1 was the most interesting, grouping with either the Nostocales or 
Oscillatoriales, depending on the locus considered. Generally speaking, these observed 
differences can be due to: i) the lack of sequences available in GenBank for the rpoC1 
and cpcBA-IGS loci; ii) preferential amplification of contaminating strains; iii) 
horizontal gene transfer, or iv) presence of ecologically specialised genotypes 
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(Komárek, 2010b, Komárek, 2006). Baldwin park type 2 was also of interest, as it was 
basal to the Nostocales at the well-studied 16S rDNA locus, but grouped with A. 
cylindrica on the rpoC1 tree. Minimum genetic distances for this isolate at either locus 
were also considerable (6% and 14%, for the 16S rDNA and rpoC1 locus respectively, 
from A. oscillaroides and Anabaena sp. respectively), indicating a potentially 
previously uncharacterised Anabaena species. Interestingly, both these two strains were 
grown in nitrogen deficient ASM-1 media, and had corroborating morphological 
identifications. Hence, future work such as re-extraction of DNA from new cultures 
followed by sequencing, at the loci studied or together with alternative loci should be 
considered in order determine if these two isolates are potentially new cyanobacterial 
species belonging to the Nostocales. 
Despite its wide usage, the 16S rDNA has been found to be too conserved to 
reliably differentiate closely related bacterial species (Coenye and Vandamme, 2003, 
Lyra et al., 2001) and to have an evolutionary pattern that is not reflective of the entire 
genome (Seo and Yokota, 2003). Consequently, alternative loci such as the protein 
coding rpoC1, the cpcBA-IGS, the nitrogenase genes (Kumari et al., 2009) and the 16-
23S ITS region (and its structure) have also been used for phylogenetic reconstructions, 
identification and discrimination of species (Palenik and Haselkorn, 1992, Johansen et 
al., 2011).  
Although polyphasic approaches, combining morphological and molecular 
identifications, have been proposed (Robertson et al., 2001, Litvaitis, 2002, Seo and 
Yokota, 2003, Komárek, 2006), a number of authors have demonstrated inconsistencies 
between phylogenetic and morphological classifications (Litvaitis, 2002, Robertson et 
al., 2001, Seo and Yokota, 2003). Thus, incorporating data from multiple sources (e.g. 
morphology, nucleotide sequences from multiple loci, biochemical composition) for the 
identification of unknown environmental genotypes has been recommended as a 
standard taxonomic practice (Komárek, 2006). Furthermore, apart from the 97%-98% 
sequence similarity for the 16S rDNA (Stackebrandt and Goebel, 1994), there is no 
consensus percentage sequence similarity for species delimitation using other loci. 
Hence, as a reflection of the relatively few rpoC1 and cpcBA-IGS sequence data 
available (using Anabaena/Dolichospermum as an example, there were approximately 
214 rpoC1 and 240 phycocyanin sequences for this genera), a less stringent criterion 
was used for the determination of species and genus for these loci. Despite this, 
molecular agreement between three loci was still generally lower than between two loci. 
The combination of cpcBA-IGS and rpoC1, however, showed no agreement among all 
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pairs and only with the inclusion of a third locus (i.e. 16S rDNA) was conformity 
between the loci found. These trends can be explained by the effects of two intertwined 
factors (which are ultimately responsible for the successful molecular identification of a 
given isolate): the total number of sequences available at a specific locus and the 
number of species represented at that same locus. 
Amplification efficiency of certain primer sets can potentially be affected by 
large genetic variations, possibly explaining why none of the isolates belonging to the 
Oscillatoriales successfully amplified at the rpoC1 locus. Furthermore, alignment length 
and gap treatment options adopted are known to affect phylogenetic reconstructions 
including the resolution of some areas of the tree (Lindgren and Daly, 2007). Where 
alignments of protein-coding genes should present fewer gaps, regions which are 
subject to less stringent genetic constraints (e.g. 16S hyper-variable regions and 
intergenic spacers) may produce numerous positions with gaps, requiring ad hoc 
strategies different from protein-coding data sets (Talavera and Castresana, 2007). This, 
potentially, accounts for some of the topological differences observed in the trees 
produced. To overcome such limitations stemming from sequence variability, the use of 
cyanobacterial 16S-23S ITS secondary structure may provide an alternative method to 
identifying intergenic and possibly intragenic, diversity which is congruent with that of 
the 16S rDNA as demonstrated by (Johansen et al., 2011). 
Similarly, the choice of algorithms for generating trees and alignments, as well 
as the nucleotide substitution models used, can potentially affect the successful 
identification of isolates (Lindgren and Daly, 2007, Eddy and Durbin, 1994). This could 
explain, for instance, the high similarity of AWQC-MIC058-B-derived 16S and rpoC1 
sequences with M. aeruginosa and M. flos-aquae reference sequences, despite the 
morphological identification as M. flos-aquae. On the other hand, however, this 
observation is in agreement with the recommendation by (Otsuka et al., 2001) that M. 
flos-aquae be regarded as a morphological variant of M. aeruginosa. 
It is known that cyanobacteria frequently undergo morphological changes 
during cultivation (Lyra et al., 2001, Gugger et al., 2002, Komárek and Anagnostidis, 
1989), resulting in potential loss of taxon-defining features (Gugger et al., 2002). Not 
only have the discrepancies between molecular and microscopic characterisations been 
well documented (Komárek, 2010b, Willame et al., 2006), it has also been shown that 
DNA sequences from incorrectly identified species exist in GenBank (Komárek, 2010b) 
(e.g. A. variabilis EF488831). Strains within culture collections have also been 
incorrectly named and are present in both GenBank and various culture collections 
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under different designations (e.g. A. variabilis ATCC29413 which also appears as 
Nostoc sp. PCC7937, A. variabilis UTCC 105, Anabaena PCC 7937, A. flos-aquae 
UTEX144). Furthermore, with the many revisions to cyanobacteria taxonomy and 
nomenclature, there is no method for these corrections to be easily incorporated into 
databases (Komárek, 2006), causing further confusion when attempting to identify 
environmental cyanobacteria isolates. 
Finally, as pointed out by Castenholz and Norris (2005), species identification 
is still blurred and this together with the difficulties discussed when identifying 
cyanobacteria, questions the need for cyanobacteria identification to the species level. 
This is especially true in water monitoring situations where identifications to the genus 
level would usually be sufficient for initiation of remediation strategies. 
As highlighted by various authors (Komárek, 2006, Oren, 2011, Castenholz 
and Norris, 2005), a polyphasic approach is still currently the most reliable option for 
identifying cyanobacteria. The present study however has highlighted that despite the 
application of molecular techniques and the subsequent increase in publicly available 
sequences, the ability to accurately and definitively identify environmental 
cyanobacteria isolates is still challenging. It is expected that whole genome sequencing 
data from an ever increasing number of species, should make misidentified sequences in 
GenBank increasingly recognisable, allowing for more prompt exclusion or revision. 
This combination of whole genome sequences, together with alternative methods of 
cyanobacteria identification (e.g. mass spectrometry via secondary metabolite analysis 
c.f. Erhard et al. (1997)) will facilitate the process of cyanobacteria identification. 
However, until then, accurate identification of these organisms will remain problematic.
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CHAPTER 4. EFFECT OF ALIGNMENT, CURATION 
AND RECONSTRUCTION METHODS ON THE 
MOLECULAR SYSTEMATICS OF 
CYANOBACTERIA 
4.1. Introduction 
To alleviate the limitations to identification and classification of cyanobacteria 
based on phenotypic properties, DNA- or protein-based methods complementary to 
morphological analyses have been developed (Valério et al., 2009, Willame et al., 
2006). The various loci which were covered in Section 1.6.2 are either commonly used 
phylogenetic markers (Castenholz, 2001, Coenye and Vandamme, 2003, Komárek, 
2006, Lee et al., 2014, Fergusson and Saint, 2000, Neilan et al., 1995), or have been 
suggested to be useful, for lower level discrimination of cyanobacterial taxa (16S-23S 
ITS) (Otsuka et al., 1999, Boyer et al., 2001, Premanandh et al., 2006). 
Once the sequences from the chosen loci are obtained from an unknown 
isolate, the evolutionary relationships between the unknown and reference isolates can 
be inferred by means of phylogenetic reconstructions. This process consists of three 
main steps: alignment, alignment curation and tree building (De Bruyn et al., 2014, 
Harrison and Langdale, 2006, Holder and Lewis, 2003, Yang and Rannala, 2012). 
During the first step, gaps are added to a matrix of data so that the nucleotides 
in one column are related to each other by descent from a common ancestral residue 
(Holder and Lewis, 2003). ClustalW (Thompson et al., 1994) is probably the most 
widely used classical progressive alignment algorithm (Landan and Graur, 2009); 
MAFFT (Katoh et al., 2002) and MUSCLE (Edgar, 2004) are faster, progressive 
alignment methods that include iteration and refinement, while PRANK (Löytynoja, 
2014) and PAGAN (Löytynoja, 2012) also distinguish between insertions, deletions and 
vary the costs between opening and extending gaps based on phylogenetic information. 
Highly variable regions between coding genes may be characterised by high 
rates of insertion or deletion of bases (INDELs) in the aligned sequences, which the 
algorithms resolve by introducing gaps of various lengths and frequencies. Alignment 
errors/artefacts and/or discrepancies are known to accumulate at these regions (Misof et 
al., 2014) and have been shown to significantly change the outcome of the phylogenetic 
reconstruction (Landan and Graur, 2009, Liu et al., 2009, Morrison and Ellis, 1997, 
Ogden and Rosenberg, 2006). Consequently, these error prone sites may be removed 
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either manually or automatically by programs like Gblocks (Castresana, 2000, Talavera 
and Castresana, 2007), REAP (Hartmann and Vision, 2008) or NOISY (Dress et al., 
2008). 
During the final step, a phylogenetic tree (a graph simulating the ancestor–
descendant relationships between organisms or gene sequences) is constructed using a 
variety of methods based on either distance or characters (Yang and Rannala, 2012). 
Computationally-fast distance-based methods such as neighbour-joining (NJ), calculate 
the pairwise distances between sequences and group the most similar sequences 
accordingly (Van de Peer, 2009). As the molecular clock hypothesis, with the 
assumption that branch length data can be used as a proxy of time intervals (Mooers and 
Heard, 1997), does not always hold, the simplicity of this method underestimates the 
complexity of the phylogenetic-inference problem. To overcome this, approaches like 
maximum likelihood (ML) or Bayesian inference (BI), that take into account rate 
variation across lineages, were introduced to obtain better estimates of divergence times 
(Holder and Lewis, 2003). 
Phylogenetic reconstructions can be used to identify unknown isolates, track 
infections or contaminations back to their sources, discover novel taxa or support 
classifications, formulated on the basis of characters of a different nature (e.g. 
molecular‒ and morphological‒systematics). It should be noted however, that the 
obtained trees (consisting of relationships and divergence times) are not directly 
observed, but are instead statistically-inferred from available data. This implies that the 
robustness of the reconstruction can vary and that, starting from a given dataset, 
multiple (sometimes equally plausible) scenarios can be obtained. While tree scores can 
be used to identify the most probable tree (e.g. the plausibility of the mutations that a 
particular tree would require to explain the data), the congruency between the inferred 
(unobservable) molecular phylogeny of a given taxon and the generated systematics 
cannot be easily tested. For this reason, noting only tree scores and branch statistical 
supports gives only partial and/or skewed indications of the “true” evolutionary 
relationships between the various lineages. In this context, accepting a tree without 
assessing the variation of all the topologies obtained experimentally can be inadequate 
(Morrison and Ellis, 1997). 
With the wide array of phylogenetic reconstruction tools available to the 
researcher using molecular methods to either 1) determine the identity of an unknown 
sample, or 2) to trace evolutionary relationships between different organisms, selecting 
the appropriate strategy to obtain the most accurate outcome usually becomes a choice 
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of what is most easily accessible. As such, using easily accessible algorithms, the goal 
of the present study was to investigate the combined effect of alignment algorithm, 
alignment curation option and tree-building method on the reproducibility of 
phylogenetic reconstructions of cyanobacterial taxa with the most commonly used and 
validated phylogenetic markers: 16S rDNA, rpoC1, cpcBA-IGS and 16S-23S ITS loci. 
4.2. Materials and Methods 
4.2.1. Isolation, cultivation and sequencing of 
cyanobacterial isolates 
Forty-nine cyanobacteria isolates from a variety of freshwater habitats (n = 20) 
surveyed in Western Australia were isolated, cultured and DNA was extracted as 
described in Chapter 2. Majority of these isolates were examined in Chapter 3, the 
additional isolates used in this study were only examined via the molecular methods 
used as covered in this chapter. Partial fragments of the 16S rDNA hypervariable region 
(467 bp), rpoC1 (612 bp), 16S-23S interspacer region (variable length) (Janse et al., 
2003). and the cpcBA-IGS (approximately 585 bp) were amplified as previously 
described Amplicons corresponding to the expected length were excised from the 
electrophoresis gel, sequenced and analysed as described in section 2.5. The isolates and 
loci sequenced are listed in Appendix 4. 
4.2.2. Multiple sequence alignment and curation 
Figure 4.1 gives an overview of the study workflow. The input set consisted of 
globally-trimmed sequences (16S rDNA: n = 112; 16S-23S ITS: n = 87; cpcBA-IGS: n 
= 95; rpoC1: n = 94), generated as part of this thesis or retrieved from GenBank by 
BLAST-searches. Global trimming of the input set was performed manually in MEGA5 
(Tamura et al., 2011) to eliminate terminal gaps, by constructing temporary ClustalW 
alignments (Larkin et al., 2007) before global trimming. The temporary alignments 
were then dissolved and five new alignments were generated under the default settings 
of each program: ClustalW v.1.82, MAFFT v.6.712, MUSCLE v.3.7, PAGAN v.0.44 
and PRANK v.100223 (Edgar, 2004, Katoh et al., 2002, Larkin et al., 2007, Löytynoja, 
2014, Löytynoja et al., 2012). Alignments were curated (i.e. degapped), remotely 
(Dereeper et al., 2008), by Gblocks v.0.91b (Talavera and Castresana, 2007) on default 
settings. The pairwise distance (p-distance) scores for all (uncurated and curated) 
alignments were then computed by the PAST software v.3.08 (Hammer et al., 2001). 




Figure 4.1: Overview of the workflow performed. Cyanobacterial sequences from four loci (16S rDNA, 
rpoC1, 16S-23S-ITS or cpcBA-IGS) were aligned using five alignment algorithms (ClustalW, MAFFT, 
MUSCLE, PAGAN, PRANK), prior to optional alignment curation (i.e. de-gapping). Trees were built 
using maximum likelihood (ML), neighbour joining (NJ) and Bayesian inference (BI). Multivariate 
analysis was performed based on a number of metrics computed from each phylogenetic tree. The output 
of the multivariate analysis consisted of principal component analysis (PCA) plots highlighting the 
topological differences between trees, generated using alternative methods adopted during steps 1 to 3. 
4.2.3. Tree-building and multivariate analyses 
The appropriate models of nucleotide substitution for each alignment was 
determined using JModelTest2 (Darriba et al., 2012) on the CIPRES Science Gateway 
v.3.3 (Miller et al., 2010). Phylogenetic trees were constructed using NJ, ML and 
Bayesian inference (BI), using MEGA5, RAxML v.8.0 or SiMBa v.1.0 (a graphical 
interface for MrBayes) (Tamura et al., 2011, Stamatakis et al., 2008, Ronquist et al., 
2012, Mishra and Thines, 2014). Optimal nucleotide substitution models and gamma‒ 
and invariable‒rates were chosen for each reconstruction, based on the JModelTest2 
results (Darriba et al., 2012). Where possible, the best substitution model (with the 
lowest BIC score) was used; otherwise, the second best (and so forth) model choice was 
used to generate phylogenies. For all the alignments used, there was always a suitable 
model which could be used to generate phylogenies before a large increase in BIC score 
was observed. For the NJ and ML reconstructions, tree reliability was evaluated with 
bootstrap analysis of 500 replicates, while default settings were used for BI (No. 
generations: 1,000,000; burnin fraction: 0.25; No. of runs: 2; No. of chains: 4; outgroup 
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set to G. violaceous), with substitution model and gamma‒ and invariable‒rates based 
on JModelTest2 results (Darriba et al., 2012). The trees generated were visualised using 
FigTree v.1.4.2 (Rambaut, 2014). From each of the trees generated, a set of five tree 
metrics were calculated using TreeStat v.1.2 (Rambaut, 2008). These figures were then 
imported into PAST v.3.08 (Hammer et al., 2001) to compute multivariate analyses 
(principal component analyses‒PCA) and generate PCA plots. 
The tree metrics considered describe general features of the tree, its shape and 
topology. These were: 1) tree length (i.e. sum of branch lengths), 2) tree height (i.e. 
height of the root of the tree), 3) treeness (i.e. proportion of total length of tree taken up 
by internal branches; interpreted as a signal/signal+noise measure) (Phillips et al., 
2001), 4) N_bar (i.e. mean number of nodes above an external node) (Kirkpatrick and 
Slatkin, 1993) and 5) cherry count (i.e. number of internal nodes that have only 
tips/terminal branches as children (McKenzie and Steel, 2000). Although these 
measures are somewhat inter-correlated, they capture different aspects of the tree shape 
and may be used for comparisons (Agapow and Purvis, 2002). 
4.3. Results 
4.3.1. Comparison of alignment algorithms and effect of 
curation 
Depending on the alignment algorithm used, the final alignment length varied: 
at all four loci, PAGAN always produced the longest alignments, while ClustalW 
alignments were consistently the shortest. The effect of alignment algorithm and 
curation were more evident at the loci containing variable regions (16S-23S ITS and 
cpcBA-IGS) than at the conserved or protein coding loci (16S rDNA and rpoC1). 
For the uncurated alignments at the 16S rDNA and rpoC1 loci, there were 
negligible differences between the five algorithms, in: alignment length and fraction of 
conserved‒, variable‒ and parsimony-informative‒sites (data not shown). These 
alignments remained very similar, even after curation (there was < 20% change in 
alignment length, compared to pre-curation). This was reflected in the negligible 
differences between the five algorithms for the p-distance values, measured both pre‒ 
and post‒curation (data not shown). 
Conversely, large differences were seen when comparing the output of the 
various alignment algorithms at the hypervariable, highly-gapped 16S-23S ITS and 
cpcBA-I S loci, where the longest alignments were three‒ and two‒times longer than 
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the shortest alignments, respectively. Curation also had a significant effect (especially 
for 16S-23S ITS) in reducing the alignment length by at least 65%. These large 
fluctuations in alignment length, fraction of conserved,- variable‒ and parsimony-
informative‒sites , were reflected in the computed p-distance values. At the16S-23S ITS 
(in particular) and cpcBA-IGS loci, the various alignment algorithms had different p-
distance values both pre‒ and post‒curation (data not shown). 
4.3.2. Comparison of phylogenetic reconstructions 
For each of the four loci, a total of 30 trees were generated, starting from 5 
curated and 5 uncurated alignments (n = 120 trees in total). Values obtained for the 
metrices used have been included in Appendix 5-8. 
4.3.2.1. Effect of alignment algorithm on tree topology 
Multivariate analysis based on the five tree metrices used allowed for the 
comparison of the shape and topology of trees produced by different alignments. For 
16S rDNA, there was little difference between the trees produced using the same 
alignment algorithms, as shown by the areas connecting the trees produced by the same 
algorithm, which were clearly overlapping in the PCA plot (Figure 4.2). Only two trees 
(PRANK/uncurated/BI and MAFFT/curated/ML) appeared slightly spatially segregated 
from the others on the PCA plot, based on their metrics. 
Also for rpoC1, the differences were very small, with possibly up to seven 
trees showing a minor spatial segregation on the PCA plot (MAFFT/uncurated/NJ, 
PRANK/curated/NJ; PRANK/uncurated/NJ, MUSCLE/uncurated/NJ, 
MAFFT/uncurated/ML, MAFFT/curated/ML, MUSCLE/curated/BI) (Figure 4.3). 
On the other hand, for the cpcBA-IGS and 16S-23S ITS loci, some differences 
were noticeable and outlying tree topologies were relatively more evident (these trees 
appeared spatially segregated on the PCA plot, based on the metrics considered) (Figure 
4.4 and 4.5). For cpcBA-IGS, there was a core of trees with comparable topologies, 
surrounded by a large number of trees (≈10) that were segregated from the others based 
on their metrics (PAGAN/curated/BI, PRANK/curated/BI, ClustalW/curated/BI, 
ClustalW/uncurated/BI, MUSCLE/uncurated/ML, ClustalW/uncurated/ML, 
PRANK/curated/ML, ClustalW/curated/ML, MUSCLE/curated/NJ, 
PRANK/uncurated/NJ) (Figure 4.4). For 16S-23S ITS, trees with possibly peculiar 
topologies were: MUSCLE/curated/BI, MUSCLE/uncurated/BI and 
ClustalW/uncurated/ML (Figure 4.5). 
 




Figure 4.2: Principal component analysis (PCA) highlighting the topological differences between the 
trees generated using different alignment algorithms using sequences from the 16S locus. Trees were built 
using maximum likelihood (ML), neighbour joining (NJ) and Bayesian inference (BI). 
 
Figure 4.3: Principal component analysis (PCA) highlighting the topological differences between the 
trees generated using different alignment algorithms using sequences from the rpoC1 locus. Trees were 
built using maximum likelihood (ML), neighbour joining (NJ) and Bayesian inference (BI). 
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Figure 4.4: Principal component analysis (PCA) highlighting the topological differences between the 
trees generated using different alignment algorithms using sequences from the cpcBA-IGS locus. Trees 
were built using maximum likelihood (ML), neighbour joining (NJ) and Bayesian inference (BI). 
 
 
Figure 4.5: Principal component analysis (PCA) highlighting the topological differences between the 
trees generated using different alignment algorithms using sequences from the 16S-23S ITS locus. Trees 
were built using maximum likelihood (ML), neighbour joining (NJ) and Bayesian inference (BI). 
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4.3.2.2. Effect of alignment curation on tree topology 
Alignment curation affected tree topology in a clearly locus-specific manner. 
Differences between topologies of the trees produced from curated or uncurated 
alignments ranged from insignificant to extreme, increasing from 16S rDNA (curated 
alignment = uncurated alignment), to rpoC1, cpcBA-IGS and 16S-23S ITS (curated 
alignment ≠ uncurated alignment) (Figures 4.6 – 4.9). For the highly-gapped 16S-23S 
ITS hypervariable locus, the effects of curation were very obvious, with only two trees 
(PRANK/uncurated/NJ and MAFFT/curated/BI) clearly intersecting the opposite cluster 
in the PCA plot (thus showing a topology more similar to the opposite cluster) (Figure 
4.9). 
 
Figure 4.6: PCA plots highlighting the topological differences generated using curated or uncurated 
alignments from the 16S locus. Trees were built using maximum likelihood (ML), neighbour joining (NJ) 
and Bayesian inference (BI). 




Figure 4.7: PCA plots highlighting the topological differences generated using curated or uncurated 
alignments from the rpoC1 locus. Trees were built using maximum likelihood (ML), neighbour joining 
(NJ) and Bayesian inference (BI). 
 
Figure 4.8: PCA plots highlighting the topological differences generated using curated or uncurated 
alignments from the cpc-BA IGS locus. Trees were built using maximum likelihood (ML), neighbour 
joining (NJ) and Bayesian inference (BI) 




Figure 4.9: PCA plots highlighting the topological differences generated using curated or uncurated 
alignments from the 16S-23S ITS locus. Trees were built using maximum likelihood (ML), neighbour 
joining (NJ) and Bayesian inference (BI). The two trees that clearly intersect the opposite cluster are 
indicated by the red arrows and have their reconstruction option underlined. 
4.3.2.3. Effect of tree-building method on tree topology 
The tree-building method had a strong effect on tree topology, based on the 
dataset and metrics examined in this study; the tree building method (particularly for the 
16S rDNA) is by far the more critical than the choice of alignment algorithm or curation 
option. Although locus specific, the extent of this effect was obvious for all loci 
considered (Figures 4.10 – 4.13). The 16S-23S ITS was the only marker where similar 
tree shapes were obtained from different tree-building methods (Figure 4.13). At this 
locus, NJ and ML trees largely coincided, whilst most trees obtained by BI were 
different. Conversely, at all other loci, the three tree-building methods produced 
considerably different topologies, with divergences between the methods progressively 
increasing from cpcBA-IGS, to rpoC1 and 16S rDNA. Interestingly, for the 16S rDNA 
locus, there was also high consistency among trees produced by the same method. For 
instance, all NJ trees (or ML or BI) showed virtually identical topology, irrespective of 
alignment algorithm or curation option (Figure 4.10).  




Figure 4.10: PCA plots highlighting the topological differences generated using different tree building 
methods from both curated and uncurated sequences of the 16S locus. Trees were built using maximum 
likelihood (ML), neighbour joining (NJ) and Bayesian inference (BI). 
 
Figure 4.11: PCA plots highlighting the topological differences generated using different tree building 
methods from both curated and uncurated sequences of the rpoC1 locus. Trees were built using maximum 
likelihood (ML), neighbour joining (NJ) and Bayesian inference (BI). 




Figure 4.12: PCA plots highlighting the topological differences generated using different tree building 
methods from both curated and uncurated sequences of the cpcBA-IGS locus. Trees were built using 
maximum likelihood (ML), neighbour joining (NJ) and Bayesian inference (BI). 
 
Figure 4.13: PCA plots highlighting the topological differences generated using different tree building 
methods from both curated and uncurated sequences of the 16S-23S locus. Trees were built using 
maximum likelihood (ML), neighbour joining (NJ) and Bayesian inference (BI). 
4.3.2.4. Effect of different phylogenetic reconstruction strategies 
on the topology trees generated from the loci studied 
The tight clustering of trees for the rpoC1 protein-coding locus showed that the 
reconstruction methods used had relatively little impact on the trees generated (Figure 
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4.14). However, as the characteristic of the loci shifted from strictly coding to loci 
containing both coding and non-coding regions, the effects of the phylogenetic 
reconstruction options become increasingly obvious with increasing topological 
differences between topologies constructed for each locus. This is most obvious at the 
16S-23S ITS locus, which had the largest variation in tree metrices examined, as 
evidenced by the large area covered on the plot (Figure 4.14). This can be attributed to 
the nature of the sequences obtained from this locus, which was mainly made up of 
variable sequences flanked by short conserved regions, that would in turn produce 
greatly varied alignments, which would in turn affect the resultant phylogenies. 
 
Figure 4.14: Principal component analysis (PCA) plot highlighting the topological differences between 
trees generated using various combinations of phylogenetic reconstruction options and starting from 
cyanobacterial sequences from four loci: 16S rDNA, rpoC1, 16S-23S-ITS or cpcBA-IGS. Multivariate 
analysis was performed based on a number of metrics computed from each phylogenetic tree.  
 
4.4. Discussion 
Initially conceived to infer evolutionary relationships based on traditional 
(morphological and physiological) characters, phylogenetic reconstructions have 
become extremely popular with the advent of culture-independent typing techniques 
and DNA sequencing technologies. The molecular systematics of a collection of 
organisms is proposed through phylogenetic trees (graphical representations of the 
relationships among taxa) substantiated by the data currently available in databases, 
with the aim of inferring the “true” (un-observable) phylogeny of the taxon. In this 
context, the limitations shown by the more traditional approaches used for identification 
(e.g. morphological, biochemical et cetera), have contributed to and justified, the 
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explosion of molecular classification of cyanobacteria based on DNA and/or protein 
analyses. However, due to the differences in amplification of the different loci, and the 
availability of sequences for the individual locus within GenBank, the number of 
sequences used to reconstruct the phylogenies for each locus differed. This in turn 
would have affected the phylogenies generated, and hence the tree metrices obtained.  
In most of the 120 trees produced via the different combinations alignment, 
curation, and phylogenetic reconstruction methods during the study, the Nostocales 
generally formed a monophyletic shallow-branching cluster, irrespective of the locus. 
The Chroococcales and Oscillatoriales were more deep-branching but their evolutionary 
relationships varied, depending on the reconstruction workflow and locus (the number 
of taxa per locus differed due to the variety and number of cyanobacterial sequences 
available in GenBank). As only three orders were included in the analysis, the degrees 
of resolution (soft polytomies) and of paraphyly of the orders yielded the major 
difference between the trees obtained from the same locus.  
The focus of this study was to quantify and visualise the uncertainties 
associated with alternative reconstruction methods and at assessing the consequences of 
alternative analytical choices. As cyanobacteria sequences were used, the output of this 
study can still be used to suggest guidelines for investigating the molecular phylogeny 
of cyanobacteria. 
The combination of conserved and variable regions within the 16S rDNA, have 
made this marker the gold standard for the systematics of bacteria and archaea since the 
molecule was first sequenced in the late 70’s (Brosius et al., 1978). This locus is 
important also for the phylum cyanobacteria (Seo and Yokota, 2003, Rehakova et al., 
2014, Lee et al., 2014) and the greater availability of 16S rDNA-based studies should be 
exploited to identify a “prototype tree”, representing the currently accepted systematics 
(Tomitani et al., 2006, Rehakova et al., 2014, Howard-Azzeh et al., 2014). This step is 
essential to pinpoint the spatial position in the PCA plot of the “prototype tree”, in 
comparison to trees with alternative topologies under test. 
During the present study, coherence with the topology of trees published in 
previous seminal papers (Tomitani et al., 2006, Rehakova et al., 2014, Howard-Azzeh 
et al., 2014) was found in several (similar) trees, produced by the ML tree-building 
method. This suggests that, with our dataset, this method was adequate to obtain reliable 
cyanobacteria systematics based on the 16S rDNA. 
When a benchmark “prototype tree” cannot be chosen a priori, or when more 
trees are equally plausible, the use of PCA plots, as described in the present study, can 
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only assess the reproducibility of the reconstructions, obtained from a given dataset 
using alternative options. However, optional display of metrics-associated vectors in the 
PCA plots (these are called biplots) can be very useful to identify possible relationships 
between the metrics’ value and the spatial pattern in the PCA plot. For instance, one ML 
16S rDNA tree, generated based on a curated MUSCLE alignment, was characterised 
by numerous monophyletic clades and fully resolved taxa and this is a combination of 
options that appeared successful in our hands for the 16S rDNA locus (Appendix 9). 
Paraphyletic clades of Oscillatoriales appeared basal to the tree, while the 
Chroococcales (e.g. Microcystis spp., Synechococcus sp.) fell into two strongly 
supported clades (100% bootstrap support). The Nostocales formed a large 
monophyletic group with strong bootstrap support (96%) (data not shown). 
Interestingly, the topology of this very robust tree (MUSCLE/curated/ML) produced a 
treeness value higher than all other trees (Appendix 9). During our study, high values of 
treeness (and possibly N_bar and cherry counts) were generally associated with fewer 
unresolved clades and (soft) polytomies. It is tempting to speculate that, once the 
systematics of a particular taxon is well-known, one metric (or a few) could be used as a 
proxy of “quality” of newly generated trees. Future implementations of the approach 
presented in this paper should also include metrics associated with the statistical support 
of branches. 
The genetic constraints, due to the need to maintain functionality, of protein 
coding loci results in the conservation of sequences. This in turn produces alignments 
with fewer gaps and increased alignment reproducibility regardless of the options 
chosen when reconstructing phylogenies. The present investigation clearly confirms 
that, because compared to 16S-23S ITS, trees at the rpoC1 locus (and to a lesser extent 
cpcBA-IGS) clustered tightly showing relatively little influence by the reconstruction 
method. In contrast, the set of topologies for the first locus were highly divergent. These 
findings imply that for rpoC1 and cpcBA-IGS loci the combination of analytical options 
made for the reconstruction should be less critical than for 16S-23S ITS locus. 
As multiple plausible trees can be obtained, the comparison of topologies 
should be treated with caution as none of the tree metrics used in the present paper has 
been tested as a universal proxy of accuracy. When other tree-building methods are 
used (e.g. minimum evolution) trees showing minimum tree length (shortest tree length) 
have been proposed as a proxy to select the “true” trees (Van de Peer, 2009). However, 
previous studies have also shown that, although curation results in shorter trees, this 
does not necessarily yield improved accuracy for other tree-building methods (Liu et 
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al., 2009). Alternative methods to overcome the difficulties and inconsistencies 
presented include performing both alignment and phylogenetic reconstructions 
simultaneously (e.g. POY (Varon et al., 2010)), or alignment free methods (e.g. “google 
DNA” method described by (Gautier and Lund, 2013)) (Land et al., 2015), may 
potentially provide better reconstruction accuracy (Hohl and Ragan, 2007). 
One finding from the present analysis somewhat contrary to previous reports 
(Morrison and Ellis, 1997, Löytynoja, 2012, Lindgren and Daly, 2007, Liu et al., 2009), 
is that alignment parameters did not appear to affect phylogenetic reconstructions and 
evolutionary inferences. This difference may be due to the present study directly 
comparing the topology of the trees generated with various alignment algorithms; 
conversely, previous studies directly scored the alignments generated, in comparison to 
a “prototype alignment”. 
Earlier reports (Varon and Wheeler, 2012, Sedaghatinia et al., 2009, Ogden 
and Rosenberg, 2007, Löytynoja et al., 2012, Liu et al., 2009), employed either 
simulated data or simulated differences from a known data set, such that a “true-
alignment” and a “true-tree” were known. These provided benchmark tools to score any 
experimenatlly-obtained output against. However, in the present study, the correct 
alignment was unknown and therefore we were unable to benchmark the accuracy of the 
alignment algorithm, its curation and the tree-building method. 
For the first time, a simple and universal method, applicable to any locus or 
organism, shows the different effects produced by alternative alignment algorithms, 
gap-treatment options and tree-building methods, on the tree topology. While choosing 
one tree against another can be difficult, especially when a “reference tree” is 
unavailable (like in the case of markers less validated than 16S rDNA), this paper 
highlights the consequences of choosing one workflow over another. Although 
molecular methods and the resultant classifications (molecular systematics) should be 
still considered invaluable tools, pitfalls and limitations of these approaches must be 
kept in mind. 
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CHAPTER 5. NOVEL PHYLUM SELECTIVE 
PRIMERS FOR USE WITH NEXT GENERATION 
SEQUENCING TECHNOLOGIES 
5.1. Introduction 
Massively parallel high throughput molecular technologies, in particular next 
generation sequencing (NGS), have allowed us to profile complex microbial 
communities of biological samples at ever-increasing resolutions (Claesson et al., 2010, 
Mizrahi-Man et al., 2013). The increasing accessibility of this technology has greatly 
improved our understanding of environmental microbial diversity (Kolmakova et al., 
2014, Soo et al., 2014, Caporaso et al., 2011, Shih et al., 2013). Being culture 
independent, this technology has the advantage of being able to detect rare/low 
abundance taxa (Eiler et al., 2013, Claesson et al., 2010). The typical approach is to 
produce large numbers of sequences from individual samples either by targeting 
selected genes by PCR (Creer et al., 2010) or by sequencing entire genomes (Machida 
and Knowlton, 2012). These sequences are then assigned taxonomic classifications 
based on their similarity to known sequences in existing databases (Mizrahi-Man et al., 
2013). However, obtaining data that accurately reflects microbial composition relies on 
the choice and region of the locus targeted, amplification and sequencing strategy, 
primer mismatch and bias and the choice of taxonomic classifier used (Claesson et al., 
2010, Mizrahi-Man et al., 2013, Hadziavdic et al., 2014, Lanzén et al., 2011). As such, 
representation of specific groups or members of the community may be skewed by the 
PCR primers used in the amplification step of the microbial profiling pipeline (the 
series of steps taken to obtain sequencing data) (Milani et al., 2014, Hong et al., 2009). 
Due to its unique properties (see Section 1.6.2), the 16S rDNA gene has largest 
reference library available for comparison (Kermarrec et al., 2013). Consequently, for 
NGS studies of microbial diversity, much research has focused on designing universal 
16S rDNA primers that amplify all species with equal efficiency (Caporaso et al., 2012, 
Takahashi et al., 2014, Klindworth et al., 2013). These primers have allowed successful 
characterisation of microbial diversity from a wide variety of habitats (Whiteley et al., 
2012, Caporaso et al., 2012, Sinclair et al., 2015, Menchaca et al., 2013, Milani et al., 
2014). 
Although primers with broad taxonomic coverage and unbiased amplification 
provide the most comprehensive assessment of the microbiome, their use results in 
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shallow/reduced resolution and sequencing depth (the number of sequences obtained for 
each sample/taxon) for each taxon, in the case of complex communities. Consequently, 
the use of universal primers can result in low abundance taxa going undetected (Eiler et 
al., 2013). In contrast, primers with increased specificity, by favouring the amplification 
of targeted groups, can increase sequence coverage for the specific taxon of interest 
(Hadziavdic et al., 2014, Lanzén et al., 2011). 
To overcome the limitations of universal 16S primers mentioned above, 
cyanobacteria-targeted 16S rDNA primers were designed for use with NGS 
technologies. In the context of water management and monitoring, successful 
application of such primers would allow us to obtain a deeper insight into cyanobacteria 
diversity from complex communities and have an increased coverage of cyanobacteria 
sequences from such communities. As mentioned previously, cyanobacteria are of 
concern due to the presence of bloom forming and/or secondary metabolite producing 
strains (Welker and von Dohren, 2006) that can adversely affect public health 
(Humpage et al., 2012, Paerl and Otten, 2013). Although PCR based methods for 
identification of this phylum are being increasingly utilised (Valério et al., 2009, 
Dall'agnol et al., 2012, Wood et al., 2013, Eiler et al., 2013, Lee et al., 2014), the 
majority of the primers designed to date either produce DNA fragments with product 
lengths incompatible with NGS, or are too specific for effective use with this 
technology (e.g. Microcystis specific 16S rDNA qPCR primers, toxin gene specific 
qPCR primers) (Kataoka et al., 2013, Rasmussen et al., 2008, Al-Tebrineh et al., 2011, 
Fergusson and Saint, 2000, Neilan et al., 1995, Man-Aharonovich et al., 2007, Manen 
and Falquet, 2002). 
The novel primers designed in this chapter were tested on both cyanobacterial 
cultures and environmental water samples of unknown species composition. The results 
obtained were compared against a widely adopted universal 16S rDNA primer set to 
determine the potential utility of these new primers to detect cyanobacteria, especially 
in the context of water monitoring. 
5.2. Materials and Methods 
5.2.1. Cyanobacteria cultures, sampling and DNA 
extraction 
Two types of water sources were used in this study: cyanobacterial cultures 
isolated as described in Section 2.2 and heterogeneous environmental samples obtained 
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from a variety of locations and ecosystems around Perth, WA (Table 5.1). Urban 
freshwater samples were collected in the winter of 2014 (Piney Lakes Reserve) or 
summer 2015. Grab samples were collected in the winters of 2014 and 2015, from the 
final effluents of three wastewater treatment plants (WWTP) in Western Australia. 
These WWTP collection sites had previously been selected to cover different 
construction design, treatment technologies, and operating regimes.  
DNA extractions from the six (three Nostocales and three Oscillatoriales), 
previously characterised, cyanobacteria cultures were carried as previously described 
(Iteman et al., 2000, Gaget et al., 2011). Briefly, cultures (2 mL) were centrifuged at 
12,000 x g for 10 mins at 20°C and washed twice with sterile MilliQ water. The final 
pellets were resuspended in 200 μL sterile MilliQ water and frozen in liquid nitrogen. 
Lysates of frozen samples were prepared by a minimum of ten alternating freeze-thaw 
cycles. These DNA extracts were used for initial NGS sequencing runs.  
Whole DNA was extracted from 10 environmental water samples using the 
MOBIO PowerWater Sterivex DNA Isolation kit (MOBIO, USA) according to the 
manufacturers’ instructions. Two extraction blanks were included with every batch of 
DNA extractions. Controls for the culture extractions involved mock-extractions being 
done using the same sterile MilliQ water used to wash the cultures and resuspend the 
extracted DNA. As controls for the environmental water sample extractions, fresh 
Sterivex filters were put through the same DNA isolation process, at the same time as 
the sample DNA extractions were being done. Extracted DNA were quantified using the 
Qubit 2.0 Fluorometer
®
 to determine amount and qualtity of extracted DNA. To 
minimise potential contamination from external sources, all reactions were carried out 
using water and consumables guaranteed to be DNA free, with amplification and 
sequencing reactions being set up in DNA free environments (clean rooms). 
5.2.2. Primer design and in silico validation 
Cyanobacteria specific primers targeting the V3 and mainly the V6 region of 
the 16S rDNA were designed using the Primer 3 add-on in Geneious (Untergasser et al., 
2012, Kearse et al., 2012). The primers were designed from an alignment of 6,000 
cyanobacteria 16S rDNA sequences retrieved from NCBI GenBank. The sequences and 
regions targeted by the primers used in this study are shown in Figure 5.1 and Table 5.2. 
In silico testing of primer specificity was conducted using BLAST (NCBI) searches and 
modified to increase specificity to cyanobacteria. In silico re-evaluation of the 
specificity of the modified primers, together with the universal 16S rDNA 515F_806R 
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(Caporaso et al., 2011) primers were performed against all available bacteria sequences 
in the SILVA (SSURef-122 NR database) and Ribosomal Database Project (RDP) 
databases using TestPrime (http://www.arb-silva.de/search/testprime/) and ProbeMatch 
(https://rdp.cme.msu.edu/probematch) respectively. The recommended mismatch 
settings were used for the SILVA TestPrime analysis, while one and two differences 
were allowed for the RDP ProbeMatch analysis. 
5.2.3. Thermal cycling conditions 
5.2.3.1. Conventional PCR 
Thermal cycling conditions for the new primers were preliminarily optimised, 
for annealing temperature, in 25 μL reactions containing the 1U PerfectTaq DNA 
polymerase (5 Prime), 2 mM MgCl2, 200 μM of each deoxynucleotide triphosphate 
(dNTP, Promega), 0.2 μM of each primer and 1 μL cyanobacteria culture DNA obtained 
in Chapter 3. Amplification reactions were run in a Veriti 96-Well Thermal Cycler 
(Applied Biosystems) with the following conditions: initial denaturation at 95°C for 3 
min, followed by 35 cycles of denaturation at 95°C for 45 s, annealing at a range of 
temperatures (50°C – 60°C) for 45 s, 72°C for 90 s and a final extension of 72°C for 5 
min. Amplicons were visualised on 2% agarose gel, with amplification reactions 
deemed successfully optimised when a single bright band of the expected size was seen 
on the gel. These amplification products were cleaned up and confirmed by the 
sequencing of the band as described in section 2.4 to ensure that only cyanobacterial 
sequences were obtained. 
5.2.3.2. Real-time PCR (qPCR) 
Final amplification reactions were carried out on the DNA extracted as 
described in Section 5.2.1 using the primers designed in the present study together with 
the universal 16S rDNA 515F_806R primer pair (Caporaso et al., 2011) to enrich for 
target sequences. Three separate amplification reactions were carried out, with one 
reaction per primer pair, for each culture DNA extract and environmental sample. All 
amplification reactions were carried out in triplicate in 25μl reactions, with reaction 
mixtures similar to the preliminary optimisation, except that 0.01 mg BSA (Fisher 
Biotech, Australia) and 3.3 µM SYTO 9
®
 (Thermo Fisher Scientific, USA) were added. 
The same volume (1 μL) of DNA was used for all reactions. No-template control 
reactions and extraction reagent blank controls were included in every run and 
incorporated in the subsequent sequencing libraries. A longer initial denaturation time 
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of 5 mins at 95°C was performed to endure complete denaturation of sample DNA, 
subsequent thermal cycling conditions consisted of 45 cycles of denaturation at 95°C 
for 30 s, annealing at the appropriate temperature for 30 s, an extension at 72°C for 45 s 
and a final extension at 72 °C for 7 min. Amplification was followed by a melt curve 
analysis to determine the specificity of the amplification product. All PCR 
amplifications were performed on a Step-One real-time qPCR machine (Applied 
Biosystems, USA). 
5.2.4. Library Preparation and NGS 
Library preparation was carried out in a similar manner to that of the final 
amplification reactions, except 1 x ROX
®
 dye (Life Technologies, USA) was added to 
the reactions and fusion primers containing the original primer sequence, a six to eight 
base pair multiplex identifier (MID) sequence and Ion Torrent sequencing adapters A 
and P1 (Life Technologies, USA) were used. Again, three separate amplification 
reactions, each corresponding to one reaction per primer, for each sample was 
performed in triplicate. A unique combination of forward and reverse primers 
containing MID sequences was used for each sample to allow multiplex sequencing and 
discrimination of sequences to samples in downstream analysis. Thermal cycling 
conditions used were identical to that of the qPCR amplification reaction, except that 35 
amplification cycles were used. 
16S rDNA amplicons from all samples and controls were pooled into one of 
two sequencing libraries in equimolar amounts. Amplicon libraries were then purified 
twice using 1.2 volumes of Agencourt Ampure XP
®
 beads (Agilent Technologies, USA) 
and quantified by qPCR using a known concentration of a serially diluted 152 bp 
synthetic oligonucleotide as a standard. qPCR reactions contained 1X Power Syber 
 reen mastermix (Life Technologies, USA), 0.4 μM Ion Torrent primers A and P1 and 
2 μl DNA template, amplified using the fusion primers, were run using the following 
cycling conditions: initial denaturation at 95°C for 5 min followed by 30 cycles of 
denaturation at 95°C (30 s), annealing and extension at 60°C (45 s). Template emulsion 
PCR and enrichment were performed according to the manufactures’ recommendations 
on the One-Touch 2 and One-Touch ES instruments (Life Technologies, USA). 
Sequencing was performed on an Ion Torrent PGM (Life Technologies, USA) using 
400 bp chemistry and 316-V2 semiconductor chips, following the manufacturers’ 
recommendations. 
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Table 5.1: Environmental water sample collection sites. 
Sampling Site Location Sample Description 
Number of 
samples 
Alfred Cove/Tompkins Park (drain runoff) 
32°1'13.4"S 115°49'39.0"E 
(-32.020379, 115.827490) 
Urban runoff 1 





























(-17.974228, 122.221855)  
Northwest Region of Western 
Australia 
Wastewater 1 




Total   10 
*WWTP: wastewater treatment plant 




Figure 5.1: Screen capture from Geneious (Biomatters, NZ) showing cyanobacteria 16S rDNA consensus sequence mapped onto E. coli K-12 substrain 
MG1655 (NR10284) Annotations indicate the positions of the hypervariable regions (blue boxes), and primer binding sites. Black arrows indicate 
positions of reference primers, green/grey arrows indicate the positions of primers designed in this study.  
 
 
Table 5.2: Primers used in the study. 











293F AGCCACACTGGGRCTGAGA 312-331 
V3 50°C 255 bp This study 
751R TGCGGACGCTTTACGCCCA 572-590 
515F GTGCCAGCMGCCGCGGTAA 523-541 
V4 55°C ~253 bp 
(Caporaso et al., 
2011) 806R GGACTACHVGGGTWTCTAAT 796-816 
1328F GCTAACGCGTTAAGTATCCCGCCTGG 870-896 
Mainly V6 55°C ~298 bp This study 
1664R GTCTCTCTAGAGTGCCCAACTTAATG 1166-1185 
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5.2.5. Bioinformatics analysis 
Sequences were first processed using Geneious Pro 8.0.4 software (Kearse et 
al., 2012) by retaining only reads with perfect forward and reverse primer sequences 
and MID sequences (no mismatches allowed). Sequences were then de-multiplexed into 
individual samples based on their unique combination MID sequences. Primer 
sequences and distal bases were trimmed from each read. Reads shorter than the 
minimum estimated length for each primer pair (Table 5.2) were discarded. The 
remaining reads were quality filtered using the USEARCH software (Edgar, 2010), 
allowing only reads with a < 1% error rate to remain and singletons were removed on a 
per-sample basis. In order to have equal sampling depth for each primer set, every 
sample was subsampled to an equal number of sequences in QIIME (Caporaso et al., 
2010) and the sequences pooled together according to primer prior to further analysis. 
Operational taxonomic units (OTUs) were selected by clustering sequences at 97% 
similarity with the UPARSE algorithm (Edgar, 2013) and bacterial genera present were 
identified. OTUs were checked against the ChimeraSlayer Gold reference database with 
the UCHIME algorithm (Edgar et al., 2011) to ensure OTUs were not the result of 
chimeric reads. Genus level taxonomy was assigned to OTUs against the GreenGenes 
16S rDNA database (August 2013 release) (DeSantis et al., 2006) in QIIME 1.9.0 
(Caporaso et al., 2010) using the UCLUST algorithm (Edgar, 2010), with default 
parameters. Bacterial genera that were identified in extraction reagent blanks and no-
template controls were removed from the dataset to eliminate background and 
contaminating bacterial sequences. Diversity analyses were then performed, the number 
of sequences analysed for each primer set was determined by the sample with the least 
number of sequences. 
16S sequences from the most abundant phyla obtained by all three primer sets 
(cyanobacteria and proteobacteria), were compared against the NCBI GenBank 
Nucleotide database using the BLAST algorithm to obtain increased taxonomic 
resolution. The results were then visualised using the MEtaGenome ANalyzer 
(MEGAN) version 5 (Huson and Weber, 2013) (LCA default settings except Min Score 
=150 and Min Complexity = 0.3). 




5.3.1. Evaluation of new primers 
The results from both the TestPrime and ProbeMatch in silico analyses 
indicated that the new primer pairs targeted a larger proportion of cyanobacterial 
sequences, amplifying at least three times more cyanobacterial sequences than the 
universal 16S rDNA primers (Table 5.3). 
Figure 5.2 shows the percentage composition of each phylum as a portion of 
the total number of sequences amplified by each primer set by the SILVA TestPrime 
analysis. The primers designed in this study amplified a much smaller number of phyla 
as compared to the universal 16S primer pair (7 and 19 phyla for the 1328F_1664R and 
293F_751R pairs respectively versus 50 phyla for 515F_806R), with cyanobacteria 
sequences forming a larger proportion of predicted sequences amplified. Furthermore, 
cyanobacteria sequences formed 95% of the predicted amplicons of the 1328F_1664R 
primers, indicating the increased specificity of these primers for the Cyanophyceae as 
compared to the universal primers. 
The new primers were then tested on DNA from cultured cyanobacteria to 
confirm their utility and to determine optimal amplification conditions. The final 
optimal annealing temperature used for the primers designed in this study are listed in 
Table 5.2. 




Figure 5.2: Composition (percentage) of phyla amplified by the primer sets as predicted by in silico testing using TestPrime, against the SILVA 
database, with the recommended settings (1 mismatch +5 bases). Phyla forming less than 0.01% of the predicted amplifications were omitted. 
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Table 5.3: Percentage composition of cyanobacteria sequences from total predicted 
sequences amplified via in silico analyses using the SILVA and RDP databases. 
Primer Pair SILVA TestPrime 
RDP 
1 difference 2 differences 
293F_751R 15% 23% 12% 
515F_806R 2% 4% 4% 
1328F _664R 95% 95% 60% 
 
5.3.2. NGS microbiome analysis of water samples 
Detailed breakdown of the phyla obtained can be found in Appendix 10-12. 
After the initial sequence processing and quality filtering the sequences remaining for 
the primer sets were: 339,008 sequences for the 293F_751R primers; 852,293 
sequences for the universal 16S 515F_806R primers; and 237,860 sequences for the 
1328F_1664R primers. Even subsampling of the individual samples, and pooling of the 
reads according to primer sets, resulted in the selection of 27,410, 27,209 and 27,355 for 
the three primer sets being used for downstream analyses. After removal of background 
taxa, exclusion of unassigned OTUs and those classified to the bacterial root, the 
universal 515F_806R primer pair had the greatest alpha diversity (diversity of species 
within each sample) while that of the cyanobacteria-targeted 1328F_1664R primer set 
was the smallest (average of 44 OTUs versus 23 OTUs respectively) (Figure 5.3). This 
increased specificity is also reflected in the number of bacterial phyla (especially 
cyanobacteria) detected by the primer pairs (Figure 5.4). 
Amplification with the 293F_751R, 515F_806R and 1328F_1664R primer sets 
allowed for the detection of 8, 15 and 7 bacterial phyla respectively. As expected, the 
universal 16S primers (515F_806R) also picked up sequences that were assigned to the 
Archaea (Euryarchaeota), but at only a very low abundance (0.04%, data not shown). 
Figure 5.4 shows a breakdown of the phyla observed, with only those forming > 1% of 
total number of sequences for each primer pair being represented. Although only 
cyanobacteria sequences were used as template to design the new primers, they also 
amplified members of the phylum proteobacteria. Consequently, proteobacteria and 
cyanobacteria sequences formed at least 90% of the total subsampled sequences 
observed by both the 293F_751R and 1328F_1664R primer pairs; this is in comparison 
to the universal 16S primers, where cyanobacteria and proteobacteria sequences 
together comprised less than half (49%) of all the sequences obtained (Figure 5.4, 
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detailed breakdown in Appendix 10). Two other phyla (Actinobacteria and 
Verrucomicrobia) were also detected and formed varying proportions of the subsampled 
data for each primer set (Actinobacteria forming 0.2%, 5.9% and 11.1% and 
Verrucomicrobia 1.7%, 0.2% and 8.2% for 293F_751R, 1328F_1664R and universal 
16S primers respectively). 
 
 
Figure 5.3: Alpha diversity observed from the sampled subset for each primer set. Grey diamonds 
represent the median number of OTUs observed by each primer pair; boxes give the 25% and 75% 
























Figure 5.4: Proportion of sequences observed by each primer set for each phyla (from the sampled 
subset). Phyla with < 0.5% abundance were combined. 
 
The discriminating power of the primer sets allowing for assignation of 
sequences to lower taxonomic level (genus) identification was compared. For the 
cyanobacteria, the 293F_751R primer set had the largest number of successfully 
assigned organisms, followed by the 1328F_1664R primers then by the universal 16S 
primers. For the detection of proteobacteria, the 293F_751R and the universal 16S 
primers performed approximately the same (Figure 5.5). 
 
Figure 5.5: Comparison of taxonomic coverage of cyanobacteria and proteobacteria genera by primer. 
 
Breakdown of the results for each phylum showed that each of the primer sets 









































Acidobacteria Actinobacteria Armatimonadetes Bacteroidetes Cyanobacteria 
Firmicutes Gemmatimonadetes OD1 Planctomycetes Proteobacteria 
Verrucomicrobia Unassigned Other Phyla < 0.5% 
CHAPTER V: CYANOBACTERIA NGS 
87 
 
phyla (Table 5.4, detailed breakdown for both phyla in Appendixes 5 and 7). For the 
cyanobacteria, the genus Calothrix (Order Nostocales) and genus Pseudanabaena 
(Order Pseudanabaenales) were successfully amplified by all three primer pairs. Apart 
from melainabacteria, representative sequences from all the cyanobacterial class/orders 
were obtained using the cyanobacteria-targeted primers. In comparison, the universal 
515F_806R primers did not amplify any sequences from the Chroococcales and 
Synechococcales orders. Similarly for the proteobacteria, only two genera 
(Limnohabitans and Glaciecola) were amplified by all three primer pairs. The universal 
515F_806R primers amplified all classes of proteobacteria. However, apart from the 
alphaproteobacteria and eplisonproteobacteria, the number of proteobacteria orders 
amplified from within the other classes was intermediate when compared to the 
293F_751R and 1328F_1664R primer pairs (Table 5.4). 
 




(Taxonomic rank; number of taxa) 










4C0s-2/Chloroplast (C; n=9) 9 5 1 
Nostocales (O; n=6) 3 3 4 
Stigonematales (O; n=1) 1 1 1 
Oscillatoriales (O; n=2) 1 1 1 
Chroococcales (O, n=3) 2 0 3 
Pseudanabaenales (O; n=5) 5 2 4 










 Alphaproteobacteria (C; n=44) 22 26 20 
Betaproteobacteria (C; n=32) 27 17 7 
Deltaproteobacteria (C; n=17) 1 8 12 
Eplisonproteobacteria (C; n=4) 1 4 0 
Gammaproteobacteria (C; n=40) 27 23 7 
Taxonomic ranks: C= Class; O= Order 
* 
Zetaproteobacteria was not detected by any of the primer sets used in the study, and hence excluded 
from the table. 
 
In order to determine the presence of potentially important taxa, taxonomic 
assignment to the species level for the sequences assigned to the Cyanobacteria and 
Proteobacteria was performed. However, the majority of the OTUs were classified to 
either the order or genus level, with few having conclusive species assignation. Even so, 
potentially problematic taxa detected include Neisseria canis, Coxiella burnetii, 
Planktothrix spp., Limnothrix spp. (Table 5.5). 
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Table 5.5: Illustrative comparison of some potentially problematic taxa detected by the primer pairs used in the present study. Listed genera 
include those containing medically important organisms of human and animals and toxic bloom-forming microalgae 
 Primer Pair 










Calothrix sp. Calothrix sp. Anabaena oscillariodes 
Limnothrix planktonica Planktothrix sp. Aphanizomenon gracile 
Phormidium sp. Trichormus variabilis Limnothrix sp. 
Planktothrix sp.  Nostoc linckia 
Trichormus variabilis  Phormidium sp. 
Calothrix sp.  Pseudanabaena gelata 
  Pseudanabaena limnetica 










Alcaligenes sp. Acrobacter sp  
Aeromonas sp. Coxiella burnetii  
Burkholderia Pasteurella testundinis  
Coxiella burnetii Pseudamonas sp.  
Endozoicomonas elysicola Rickettsiales sp.  
Neisseria canis   
Ralstonia sp.   
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5.3.3. Bacteria composition of freshwater water samples 
As the water samples tested were a heterogeneous mix from various sources, in 
order to obtain an insight into the cyanobacteria composition of environmental water 
samples, reads from these samples were examined further. Proteobacteria formed the 
largest proportion (> 40%) of the bacteria observed by all primer pairs (Figure 5.6). As 
predicted by the in silico analyses (Figure 5.2), the selectivity of the new primers is 
apparent, with cyanobacteria and proteobacteria forming 98% and 95% of the bacteria 
observed by the 1328F_1664R and 293F_751R primers respectively. This is in 
comparison to the universal 16S primers where these two phyla formed only 60% of the 
total bacteria observed, with actinobacteria and bacteroidetes and verrucomicobia 
forming major proportions of the remaining 40% of bacteria. Although other bacteria 
phyla were also observed using the two new primer sets designed in this study, apart 
from verrucomicrobia (3% of the bacteria observed by the 293F_751R primers), all 
other bacterial phyla formed less than 1% of the total bacteria observed (Figure 5.6). 
 
 
Figure 5.6: Percentage phyla composition of the Freshwater samples from sampled dataset, as observed 
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The purpose of the present study was to design cyanobacteria specific 16S 
rDNA primers for use with the Ion Torrent PGM sequencer, to allow for rapid detection 
and identification of cyanobacteria strains from a variety of environmental water 
samples. To this end, two different primer sets targeting different regions (V3 and V6 
regions) of the 16S rDNA were designed and tested to compare their utility. This was 
done in order to overcome the limitations posed by the use of universal 16S rDNA 
primers and to increase the depth of coverage of cyanobacteria specific sequences from 
environmental samples. 
The availability of a large database (Dall'agnol et al., 2012), makes the 16S 
rDNA locus ideal for the design of preliminary phyla specific primers for use with 
N S. In bacteria, this gene generally has nine “hypervariable regions” interspersed 
within stretches of DNA conserved in most or all species (Chakravorty et al., 2007, Liu 
et al., 2007, Van de Peer et al., 1996). The primers in this study were designed to span 
both conserved and variable regions.   
In silico tests of the cyanobacteria-targeted primers showed high specificity for 
cyanobacterial sequences, with predicted amplification of at least threefold greater 
proportion of cyanobacteria sequences than the universal 16S rDNA primers. Thus 
these primers were expected to provide a greater depth of coverage for cyanobacterial 
sequences than the universal primers using NGS technology. 
In addition to the potential to amplify a greater proportion of cyanobacteria 
DNA, the cyanobacteria-targeted primers developed in this study also amplified a 
smaller range of phyla. This reduced taxonomic coverage was also apparent in the 
sampled data from the NGS analysis. In the context of detecting potentially problematic 
cyanobacteria (or proteobacteria), the increased specificity of the primers would amplify 
sequences from these taxa when present at lower concentrations, hence allowing for 
increased detection sensitivity as compared to the universal 16S primers. 
Breakdown of the phyla amplified experimentally via NGS demonstrated the 
increased selectivity of the new primers for cyanobacterial sequences as compared to 
the universal 16S rDNA primers. This increased specificity is essential as in water 
monitoring situations where there is the need to detect the presence of problematic 
(toxin or T/O producing) cyanobacteria present at low levels. The ability to enrich for 
sequences from this phylum may be desirable in such situations, as this will also 
amplify DNA of such cyanobacteria while they are present in low concentrations. 
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Furthermore, the selectivity of these new primers also increases the sequencing depth of 
cyanobacteria specific sequences, allowing for the detection of a broader range of 
orders, as compared to the universal 16S primers. This in turn provides a better picture 
of the types of cyanobacteria present in the system of interest and the potential to 
identify potentially problematic cyanobacteria within said system. 
In addition to the preferential amplification of cyanobacteria sequences, the 
primers designed in this study were also highly successful in amplifying proteobacteria 
sequences. This resulted in cyanobacteria and proteobacteria sequences forming the 
bulk of the sequences amplified by the new primers. Although the new primers showed 
increased selectivity towards proteobacteria sequences, they did not appear to have 
increased taxonomic coverage of proteobacteria as compared to the universal primers. 
This bias for proteobacteria sequences, was evident based on the SILVA TestPrime 
results, but was not observed in the initial primer specificity test,s or when the primers 
were tested on cyanobacterial cultures (i.e. sequencing results of the primers did not 
produce mixed signals) (data not shown). 
Proteobacteria are the largest and most phenotypically diverse division of 
prokaryotes, accounting for the majority of known Gram-negative bacteria (Gupta, 
2000, Imhoff, 2001, Rosenberg et al., 2014). They form a complex phylum arbitrarily 
divided into five subdivisions - alpha, beta, gamma, delta and epsilon based on their 
16S and 23S rDNA, have varying physiological and phenotypic characteristics and 
include a large number of known human and animal pathogens (Gupta, 2000, 
Rosenberg et al., 2014, Parte, 2014, Stackebrandt et al., 1988). A new class of 
proteobacteria, with a highly specific ecological niche – the zetaproteobacteria, has been 
described only fairly recently (Emerson et al., 2007). As it is a novel proteobacterial 
class, despite best efforts to ensure that the latest 16S rDNA database was used, it is 
possible that the zetaproteobacteria were not included. Additionally, zetaproteobacteria 
are mainly linked to hydrothermal activity and exposed marine crusts (Rubin-Blum et 
al., 2014), so it is not unexpected that they were not observed from the samples 
sequenced, and were thus excluded from our analyses. As such, the potential to utilise 
these new primers as a tool for detecting potentially pathogenic proteobacteria from 
mixed communities also exists. 
For this study, the freshwater samples were obtained mainly from lakes/ponds 
(lotic water systems). Although this differs from majority of the freshwater 
metagenomic studies which have been done on river systems (Kolmakova et al., 2014, 
Schultz Jr et al., 2013, Ghai et al., 2011, Fortunato et al., 2012, Staley et al., 2013, Oh 
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et al., 2011), comparison of microbiota between studies still appears possible, with the 
data from the universal 16S primers collected during the present study showing a 
similar composition to that reported by (Staley et al., 2013). Although the primer sets 
used in the present study targeted different regions of the 16S rDNA, data from all three 
primer sets corroborated with the results obtained by Fortunato et al. (2012) from the 
Columbia River, where Proteobacteria dominated the freshwater bacterial communities. 
Future studies testing an even wider diversity of water sources (e.g. marine 
samples) can be performed to better determine the applicability and limitations of these 
primers. Additional studies challenging these new primers using known, mock 
cyanobacteria communities in a study similar to that performed by (Kermarrec et al., 
2013) may be considered. The design and use of specific blocking primers (a modified 
DNA oligo that preferentially binds to the DNA of a specific organism, preventing the 
amplification of the targeted DNA) can potentially further increase the detection 
abilities of the new primers in detecting either cyanobacteria or proteobacteria specific 
sequences (Vestheim and Jarman, 2008, Gofton et al., 2015). Alternatively, enrichment 
of the samples for cyanobacteria before DNA extraction, by filtration of the samples 
through a higher pore size (> 0.2 μm) could help reduce the number of proteobacterial 
sequences obtained. This may also be used in combination with an initial amplification 
step using cyanobacteria specific 16S rDNA primers, however, the potential for PCR 
biases resulting from this additional amplification step cannot be excluded.  
 Additionally, studies have shown that the Ion Torrent has a higher rate of error 
when sequencing microbial samples (Stewart, 2012, Quail et al., 2012), this may have 
had an impact on the bacterial compositions observed in the present study. As such, 
consideration should be made to attempt testing these new primers on an alternative 
platform (e.g. Illumina’s MiSeq platform) to determine if they are able to provide better 
taxonomic resolution than what was achieved in the present study.   
Both primers designed in the study showed increased selectivity for 
cyanobacteria sequences. However, the 1328F_1664R primer set showed an increased 
specificity for cyanobacterial sequences, especially sequences from the Nostocales and 
Oscillatoriales orders as compared to the 293F_751R primer pair. Furthermore, as the 
hypervariable regions (V3 and V6) targeted by the primer pairs designed in this study 
are supposed to provide better resolution then the V4 region that the universal 16S 
515F_806R target, it is possible with further refinements, these primers could be used to 
detect specific species of cyanobacteria (or proteobacteria) which are of concern to the 
water industry. As they are, the increased selectivity and narrower range of phyla 
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targeted by the primers designed in this study, already allows for the pooling of samples 
from multiple sources (combining DNA from multiple different samples) into a single 
NGS run, while still maintaining the increased sequencing depth and range of targeted 
phyla. As compared to traditional methods of cyanobacteria isolation and 
characterisation, NGS also allows for the identification of cyanobacteria strains that are 
difficult to obtain in culture. When combined with faster sample processing, this makes 
NGS significantly cheaper than current traditional morphology-based taxonomic 
methods of determining species composition of environmental water samples. The ever 
reducing cost per base of sequencing (Caporaso et al., 2011, Hajibabaei, 2012), together 
with the reproducibility and potential for standardisation (Eiler et al., 2013) make NGS 
an ideal tool for bio-monitoring (Bik et al., 2012, Kermarrec et al., 2013, Hadziavdic et 
al., 2014, Tan et al., 2015). Hence, with the addition of the cyanobacteria-targeted 
primers designed in this study, the potential of the NGS platform as a means of studying 
(and monitoring) cyanobacterial diversity is demonstrated.  
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CHAPTER 6.  GENERAL DISCUSSION 
6.1. Overview 
Although there have been extensive studies on cyanobacteria in Australia, this 
has predominantly occurred in Eastern and Southern Australia where cyanobacteria 
blooms are a regular occurrence (Baker and Humpage, 1994, Mitrovic et al., 2011, 
Steffensen et al., 1999, Griffiths and Saker, 2003, Hawkins et al., 1985). In contrast, in 
Western Australia, apart from studies on stromatolites (Garby et al., 2013, Smith et al., 
2010) and the Swan River bloom in 2000 (Robson and Hamilton, 2003, Atkins et al., 
2001), majority of the studies on cyanobacteria have focused on phytoplankton, nutrient 
content and toxins (Gordon et al., 1981, Hosja and Deeley, 1994, Huisman et al., 2011, 
Lund and Davis, 2000, Kemp and John, 2006), with few molecular studies on 
cyanobacteria conducted leaving an unfilled knowledge gap. From the studies that have 
been done (Gordon et al., 1981, Hosja and Deeley, 1994, Kemp and John, 2006, Lund 
and Davis, 2000, Robson and Hamilton, 2003), Oscillatoriales and Chroococcales 
appear to dominate the inland freshwater bodies in the region.  
Hence, the aim of this this was to obtain a snapshot of cyanobacteria diversity 
in Western Australia using conventional methods of isolating, culturing and maintaining 
cyanobacteria from various freshwater sources in the region and characterising the 
isolates via polyphasic methods, of which a subset of the results were presented in 
Chapter 3. As a consequence of the irregularities encountered in implementing widely 
adopted phylogeny assignment methods, it was decided to assess the effects of the 
different strategies (alignment method, curation, tree reconstruction algorithms) 
employed to construct phylogenetic trees (Chapter 4). Finally, in order to facilitate 
future cyanobacterial studies, bypassing the need for time consuming cyanobacteria 
isolation and allowing for detection of unculturable cyanobacterial strains, novel 
cyanobacteria-targeted primers were designed and evaluated using the latest state-of-
the-art NGS technologies (Chapter 5). 
6.2. Cyanobacteria classification 
The work presented in chapter three examined the concordance between 
molecular and morphological methods of cyanobacteria identification. The difficulties 
and discrepancies involved in morphological identification of cyanobacteria were 
demonstrated, with duplicate examinations providing agreement for a total of ten 
isolates at the species (3 isolates) and genus (7 isolates) levels.  
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At the 16S rDNA locus, the use of 98% sequence similarity for species and 
95% sequence similarity for genus delimitation as suggested by Stackebrandt and 
Goebel (1994) was further supported by the findings of Gaget et al. (2015) who 
reported that the species barrier for cyanobacteria was at 98.5% similarity. Using either 
of these criterions, Baldwin Park type 2 would still be of interest as it had only a 94% 
sequence similarity to its closest matched isolate (A. oscillariodes). This is further 
supported by the low percentage similarity observed at the rpoC1 locus (86% similarity 
to Anabaena sp.) and genus level morphological identification.  
The potential presence of unexplored cyanobacteria varieties in Western 
Australia is also indicated by the presence of sequences (at the rpoC1 or cpcBA-IGS 
loci) with less than 95% similarity to sequences available on GenBank (22% of the total 
number of sequences obtained). However, as the low percentage similarities between 
isolate and reference sequences were found in the less studied rpoC1 and cpcBA-IGS 
loci, this can also be attributed to sequence paucity and limited variety of cyanobacteria 
for which theses loci have been sequenced. Hence, the possibility that these 
cyanobacteria isolates are simply cosmopolitan strains, which have yet to be well 
studied (because they are neither toxic nor bloom causing), cannot be discounted.  
The use of a polyphasic approach for the identification of cyanobacteria as 
performed in Chapter 3 has been proposed and advocated for by other researchers, and 
is currently the most accepted method of cyanobacteria identification (Robertson et al., 
2001, Litvaitis, 2002, Seo and Yokota, 2003, Komárek, 2006, Sciuto and Moro, 2015). 
This study, together with a number of others, demonstrates the inconsistencies between 
phylogenetic and morphological classifications using a polyphasic approach (Litvaitis, 
2002, Robertson et al., 2001, Seo and Yokota, 2003, Moro et al., 2010). Reasons for the 
discrepancies observed include the absence of/variation in identifying features used for 
conclusive morphological identification of cyanobacteria strains; the differences in 
number of sequences available for each of the loci studied; the variety of cyanobacteria 
species represented for each locus; and the effects of the alignment and phylogenetic 
strategies used. Additionally, as multiple loci were utilised in the study, the option for 
concatenation of the sequences exists. However, this could not be performed in the 
study as majority of the cyanobacteria strains only had sequences for two of the three 
loci studied. Hence, until comprehensive datasets for all (or commonly utilised) loci 
used for phylogenetic reconstructions of cyanobacteria are available, both polyphasic 
and solely molecular based methods of cyanobacterial classification and identification 
will potentially remain difficult. 
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6.3. Cyanobacteria systematics 
Given the importance of knowing the systematics of organisms and the 
inaccuracies found in uncurated public sequence repositories, phylogenetic 
reconstruction strategies are essential for determining the evolutionary relationships 
between isolates. However, options chosen during the reconstruction process (alignment 
algorithm and tree building method) may affect the inferences obtained. This was 
briefly discussed in Chapter 3 and further examined in the following chapter. As part of 
this study, an easily applicable method to determine the effects of the options employed 
for each step of the reconstruction was developed. 
Although distinct separations as observed on the PCA plots, which were used 
as indicators of tree congruence between phylogenetic reconstruction strategies, when 
the effect of tree reconstruction method was examined, the more conserved loci (16S 
rDNA and rpoC1) were sufficiently robust to produce consistent results regardless of 
strategy used. However, the variable regions, which have the potential to provide better 
(species or strain rather than genus) resolution, requires prior information and greater 
consideration when used to reconstruct phylogenies. A possible strategy to obtain the 
maximum amount of information from these variable regions may be to limit the 
reference sequences included for phylogeny reconstruction to those within the same 
order or genera as the query sequences (Otsuka et al., 1999, Suda et al., 2002, Moro et 
al., 2010, Sciuto et al., 2012), as opposed to the inclusion of majority of the 
cyanobacterial orders within a single tree, as done in the thesis. In addition, contrary to 
prior studies, the choice of tree building method, rather than the alignment method 
utilised, had the greatest effect on the resultant phylogeny (Morrison and Ellis, 1997, 
Lindgren and Daly, 2007, Liu et al., 2009, Löytynoja, 2012). However, this may have 
been due to the strategy employed in the study – whereby the phylogenies generated 
were compared against each other, rather than against a known “prototype tree. Even so, 
the differences in resultant tree topologies using alternative strategies, demonstrate how 
each option can affect the inferences made. 
As multiple plausible tree topologies can be obtained from a selection of 
homologous sequences, the implicit reliance of most researchers on the alignments 
obtained from a single algorithm (Landan and Graur, 2009) means that many other 
possibilities are missed. Furthermore, most MSAs available are designed to align the 
DNA sequences for globular and folded protein (conserved) domains (Thompson et al., 
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2011), making alignments of ITS (variable) regions problematic due to the limited 
number of character states available (4) when aligning DNA sequences. 
Although default penalty scores may introduce biases and reconstructions that 
do not necessarily reflect the true phylogenetic relationships, alignment algorithm 
default parameters are usually suitable for aligning a wide range of loci and, are 
reasonable options where no prior evolutionary knowledge is available (Landan and 
Graur, 2009). 
Alternatively, rather than comparing reconstructed phylogenies of individual 
genes, concatenated gene trees may provide a possible alternative to resolving 
conflicting phylogenetic reconstructions. However, although trees constructed using 
concatenated genes have high bootstrap values, they have been shown to be inaccurate, 
or have weak agreement with individual gene trees (Thiergart et al., 2014, Seo, 2008). 
Hence, rather than concatenation of sequences, “combining log-likelihood scores” from 
separate analyses, together with the use of two-step bootstrap procedures for both ML 
and distance phylogenetic analyses have been suggested to be more suitable when 
concatenating sequence data (Seo, 2008, Seo et al., 2005). 
Despite recent advances in reconstruction methods and strategies, until 
comprehensive datasets for commonly utilised loci are available, molecular methods of 
cyanobacteria identification, as determined by agreement between multiple loci, will 
potentially remain difficult regardless of strategies adopted. 
 
6.4. Cyanobacteria-targeted primers for NGS technologies 
NGS is being increasingly utilised to catalogue microbial diversity from 
various environments through projects such as the Earth Microbiome project (EMP) 
(Gilbert et al., 2010) and the Human Microbiome project (HMP) (2012). Although 
universal, universal primers also have biases (Gilbert et al., 2014), hence using 
universal profiling primers for detecting specific taxa (e.g. in the case of drinking water 
monitoring, where early detection of problematic organisms is essential) may result in 
the targeted organisms going undetected for reasons such as i) low abundance, ii) 
inefficient amplification and/or iii) limited sequencing depth. In order to overcome 
these limitations cyanobacteria-specific 16S rDNA primers for use with the Ion Torrent 
PGM sequencer (or other platforms) were designed. Both in silico and experimental 
data (Chapter 5) indicated that the new primers performed as intended, amplifying a 
smaller range of phyla (mainly cyanobacteria and proteobacteria) and consequently 
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providing a greater sequencing depth for these phyla (with cyanobacteria and 
proteobacteria forming > 50% and 40% respectively of the sequences recovered), when 
compared to the universal 16S primers (where cyanobacteria and proteobacteria 
combined formed less than 50% of the sequences recovered). 
As such, the increased selectivity of the 16S rDNA primers designed in the 
study allow for detection of cyanobacteria (and proteobacteria) even when present in 
low abundance, while simultaneously increasing the depth coverage of the targeted 
phyla. These primers, hence, provide a starting point for the further development and 
refinement of cyanobacteria-targeted primers for future NGS studies. Further 
refinements to the primers (either via modifying primer sequence or amplification 
conditions) can be done to increase their specificity for cyanobacteria (or 
proteobacteria). Additionally, other considerations for the use of these primers in water 
monitoring situations that require further investigation include:  
i) Determining biases due to DNA extraction and PCR amplification 
methods, especially, when attempting to determine taxonomic 
diversity of environmental samples (Deiner et al., 2015).  
ii) Inclusion of controls to determine thresholds for constructing 
OTUs, to obtain reliable estimates of sequencing errors and to 
determine a threshold number of sequences for accepting a species 
presence in a sample.  
iii) Challenging the new primers on a wider diversity of water sources 
(e.g. marine samples) to better determine their applicability and 
limitations. Finally for water monitoring purposes, strategies 
allowing for increased inter-laboratory comparisons of NGS data, 
long-term NGS data collection to obtain baseline microbial 
community compositions, and establishment of microbial 
community databases for metagenomic studies should also be 
considered (Tan et al., 2015). 
The potential of NGS as a bio-monitoring tool is still in its infancy, with 
majority of the studies performed using universal primers (usually 16S or 18S rDNA 
primers) for detection of organisms present within the ecosystems studied (Sinclair et 
al., 2015, Takahashi et al., 2014, Zhan et al., 2013, Kermarrec et al., 2013, Xiao et al., 
2014, Hugerth et al., 2014, Hadziavdic et al., 2014, Klindworth et al., 2013, Gofton et 
al., 2015, Bik et al., 2012, Caporaso et al., 2011), it is hoped that the introduction of the 
phyla specific primers designed in the study will not only allow for an increased level of 
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detection of the targeted phyla, but would also potentially increase our understanding of 
the factors governing the seasonal changes in species composition of cyanobacteria (or 
proteobacteria) via the ability to carry out larger scaled (and potentially more intensive) 
sampling strategies. 
6.5. Future directions 
Despite the many revisions to cyanobacteria classification and nomenclature 
(Komárek, 2010b, Komárek, 2010a, Strunecky et al., 2011, Wacklin et al., 2009), 
species identification of cyanobacteria still remains difficult with further changes 
anticipated (Castenholz and Norris, 2005, Komárek et al., 2014, Dvořák et al., 2015). 
As with the eukaryotes (Bik et al., 2012), inconsistencies in lower taxonomic 
classification of cyanobacteria limit the accurate identification of new/environmental 
isolates. Although highly recommended and being accepted as the preferred method of 
cyanobacteria identification (Sciuto and Moro, 2015), polyphasic identification is still 
difficult. The reliance on preformed databases together with the paucity and/or accuracy 
of sequences from other (non 16S rDNA) loci, limits the accuracy of BLAST-search-
based taxonomy and phylogenetic inferences obtainable for cyanobacteria genera that 
have not been as well studied, consequently, consensus identification with the inclusion 
of these loci is difficult, as demonstrated in Chapter 3. 
However, with the expected expansion and curation of sequences available in 
databases, allowing for increased identification of misidentified sequences, together 
with the increasing number of genomes being sequenced (e.g. Shih et al. (2013)) and 
improved phylogenetic reconstruction strategies, identification of cyanobacteria via 
polyphasic methods can only become much easier in the future. Furthermore, the 
applicability of alternative technologies (e.g. mass spectrometry (MS) or satellite 
remote sensing) to various aspects of cyanobacteria identification, bloom and toxin 
detection have been demonstrated (Zwiener and Frimmel, 2004, Welker and Moore, 
2011, Welker et al., 2002, Welker and Erhard, 2007, Fenselau and Demirev, 2001, 
Esquenazi et al., 2008, de Albuquerque et al., 2007, Kahru and Elmgren, 2014, Moreira 
et al., 2014). Integration of these technologies into future polyphasic cyanobacteria 
characterisation studies, together with the development of a standardised and regularly 
updated sequence database(s) can greatly improve our ability to accurately identify and 
monitor environmental cyanobacteria. 
As mentioned previously, traditional methods of cyanobacteria isolation and 
characterisation is time consuming. Furthermore, this process only allows for 
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determination of cyanobacterial strains that can grow in culture, leaving a vast majority 
of cyanobacteria undiscovered and undescribed. In contrast, NGS is culture 
independent, thereby providing the opportunity to directly analyse communities as they 
exist under in situ conditions (Claesson et al., 2010, Eiler et al., 2013). Additionally, 
NGS also has the ability to rapidly process multiple samples (Caporaso et al., 2011, 
Hajibabaei, 2012), making entire genome approaches to cyanobacteria phylogeny 
reconstruction increasingly affordable (Shih et al., 2013, Soo et al., 2014) and allowing 
metagenomic profiling of complex microbial communities to be increasingly cost-
effective, enabling its use as a screening tool to complement or replace traditional 
diagnostic methods (Tan et al., 2015). Despite the great potential for NGS in the 
monitoring, detection and identification of cyanobacteria, some limitations still exist. 
Primary amongst the limitations to NGS is the short amplicon size obtainable (Hugerth 
et al., 2014). The short reads currently obtainable place a limit on the degree of identity 
resolution, as longer amplicon length usually allow for increased phylogenetic 
resolution, due to the presence of species-specific variations in the variable regions. 
However, with the new upgrades to current NGS technology and introduction of third 
generation sequencers (e.g. MinION, Oxford Nanopore Technologies; Sequel System, 
Pacific BioScience), read lengths exceeding 1,000bp are becoming possible. Hence, 
short read lengths may no longer be a limitation in the future.  
Even so, due to the nature of NGS and the use of universal primers, targeted 
taxa present in low abundance can still easily remain undetected, or only have very few 
sequencing reads. Hence, in order to detect organisms present in low abundance, 
alternative strategies are needed. The use of blocking primers as demonstrated by 
Gofton et al. (2015) can be used to eliminate overabundant sequences-organisms, 
allowing for detection of other sequences present in the community studied. 
Alternatively, when a target phylum is desired, the design and use of phylum-specific 
primers (such as the primers developed in Chapter 5) may be the solution to increasing 
sequence coverage. 
However, as with characterisation and identification of unknown cyanobacteria 
via traditional PCR methods, NGS is also dependent on the availability of sequences 
present in the database against which sequence reads are matched. As such, the ability 
of this technology to accurately and confidently assign taxonomic identifications to the 
sequences obtained is dependent on the information available – drawing parallels to the 
difficulties faced when performing polyphasic characterisation of cyanobacteria. On the 
other hand, whole genome sequencing of reference sample using NGS provides a way 
CHAPTER VI: GENERAL DISCUSSION 
101 
 
for researchers to easily sequence multiple loci of interest (as performed by Shih et al. 
(2013)), this in turn would rapidly increase the amount of data available in reference 
databases, benefiting both traditional and  NGS methods of cyanobacteria identification. 
The introduction of various technologies (NGS, MS, satellite remote sensing) 
has provided the ability to easily detect cyanobacteria, even when they are present in 
low numbers, allowing for the mitigation of cyanobacterial blooms. However, as these 
technologies are still relatively new, with immature databases, traditional methods of 
identification still remains the tool of choice. In due time, the potential for these 
technologies to supersede traditional methods of identification exists. Even so, this does 
not mean that the lengthy process of isolating cyanobacteria from environmental 
sources, followed by both morphological and molecular characterisation is no longer 
necessary 
Ultimately, in order to fully understand cyanobacteria diversity, evaluation of 
both morphological and molecular variability is necessary. Additionally, molecular data 
alone has limited capacity to recognise ecological importance of different genotypes 
(Komárek, 2006). Cyanobacteria are also known to produce bioactive compounds with 
promising anti-carcinogenic and anti-disease applications (Sciuto et al., 2012, Gerwick 
et al., 2008); and allochemicals with the potential for use in the development of 
algaecides, herbicides and insecticides (Berry et al., 2008, Sciuto and Moro, 2015). In 
order to fully access the potential of these compounds, it is still necessary to isolate and 
perform further studies on the cyanobacteria strains found to produce such chemicals. 
As such, polyphasic methods of novel cyanobacteria characterisation is likely to remain 
the standard, however, these step could, in the future, potentially be preceded by NGS 
analysis of the environmental sample to determine if the organisms of interest are 
present before the process of cyanobacteria isolation is carried out. 
6.6. Conclusion 
The work presented provides a preliminary snapshot into molecular and 
morphological diversity of cyanobacteria found in Western Australia. The identification 
of two potentially novel strains of cyanobacteria, together with sequences with 
relatively low similarity to previously published sequences, demonstrates the as yet 
undiscovered cyanobacteria diversity in the region. Further studies using the 
cyanobacteria strains (e.g. sequencing of the entire 16S rDNA, whole genome 
sequencing or morphologically identifying/characterising all the strains isolated) will 
give us a better idea of the cyanobacteria within this region. 
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Although well documented by other researchers, the work presented in this 
thesis demonstrated the difficulties encountered when using the traditional 
(morphological) method of cyanobacteria identification. When combined with the use 
of multiple DNA loci to characterise individual cyanobacteria strains, the limitations to 
the polyphasic approach is further demonstrated. Hence, calling into question the need 
for species level identification (Komárek, 2003), especially in the context of water 
monitoring situations where genus level identification is usually sufficient. 
The difficulties in obtaining consensus identification from multiple loci were 
further studied, with the effect of phylogenetic reconstruction strategies examined. In 
the process, a method to quantify the differences in phylogeny obtained using different 
reconstruction strategies was developed and provides a potential tool to score 
experimentally –obtained outputs, especially at less validated loci. 
The initial, successful development and validation of cyanobacteria specific 
NGS primers provides a rapid and cost effective tool for monitoring cyanobacteria in 
environmental samples. The primers designed in this study provide a starting point for 
increasing the selectivity and sequencing depth of cyanobacteria sequences 
environmental samples. With further refinements, the specificity of these primers for 
cyanobacteria sequences can be improved upon, potentially paving the way for 
multiplexed sequencing through the combination of the primers with currently available 
(or new) function specific (e.g. toxin or terpene gene targeted) primers. This would thus, 
allow for the detection of problematic organisms, and implementation of pre-emptive 
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Appendix 1: Water collection sites, from which cyanobacteria isolation was attempted, 
and the number of times/samples collected. 
Source type Location 




Great Southern Region 1 6 
Great Southern Region 2 18 
Great Southern Region 3 2 
Great Southern Region 4  13 
Great Southern Region 5 9 
Great Southern Region 6 10 
Great Southern Region 7 6 
Great Southern Region 8 17 
Great Southern Region 9  6 
Great Southern Region 10  1 




Open rural lotic systems 
(n=5) 
Buayanup Drain 1 
Glenn Brook 1 
Lesmurdie Brook 1 
Vasse River 3 
Williams River 1 
Open urban freshwater 
systems 
(n=10) 
Blue Gum Lake 1 
Booragoon Lake 1 
Chelodina Wetlands 2 
City of Swan lake 1 
Emu Lake 1 
Frederick Baldwin Park 2 
Hyde Park 3 
Lake Monger 2 
North Lake 1 
Piney Lakes 2 
Wastewater treatment 
plants (n=3) 
WWTP 1  1 
WWTP 2 1 
WWTP 3 1 





Appendix 2: Preparation of ASM-1 media (Gorham et al., 1964) and modified ASM-1 
medium. 
Compound Formula 













Sodium nitrate NaNO3 170 17 0 
Potassium Phosphate K2HPO4 17.4 17.4 17.4 
Di-sodium hydrogen Phosphate Na2HPO4 14.2 14.2 14.2 
Magnesium chloride MgCl2.H2O 40.62 40.62 40.62 
Magnesium sulfate MgSO4.7H2O 49.33 49.33 49.33 
Calcium chloride CaCl2.2H2O 29.4 29.4 29.4 
Ferric chloride FeCl3.6H2O 1.0835 1.0835 1.0835 
Boric acid H3BO3 2.47 2.47 2.47 
Manganese (II) chloride MnCl2.4H2O 1.3686 1.3686 1.3686 
Zinc chloride ZnCl2 0.44 0.44 0.44 
Sodium EDTA Na2EDTA 6.64 6.64 6.64 
Cobalt sulfate CoSO4.7H2O 0.0216 0.0216 0.0216 


















hypervariable region 4 
(V4) 
338F 
CGC CCG CCG CGC CCC GCG CCC GTC CCG CCG 
CCC CCG CCC TCC YAC CGG GAG GCA G 
11 cycles 
touchdown, 
65C - 55C, 





781R (a) GAC TAC TGG GGT ATC TAA TCC CAT T 
(Nübel et al., 1997) 
781R (b) GAC TAC AGG GGT ATC TAA TCC CTT T 
16S qPCR primers 
MICR 184F GCC GCR AGG TGA AAM CTA A 
55C 230 
(Neilan et al., 
1997a) 
MICR 431R  AAT CCA AAR ACC TTC CTC CC 
MICR 228F 
(Taq) 
56FAM-AAG AGC TTG -/ZEN/-CGT CTG ATT AGC 
TAG T-/3IABkFQ  
(Rinta-Kanto et al., 
2005) 
16-23S ITS 
CSIF G(T/C)CACG CCC GAA GTC (G/A)TT AC 
20 cycles 
touchdown, 
62C - 52C, 
10 cycles at 
52C1.6* 
variable 
(Janse et al., 2003) 
23ULR CCT CTG TGT GCC TAG GTA TC 
(Neilan et al., 
1997b) 
rpoC1 




rpoC1-T GGT ACC NAA YGG NSA RRT NGT TGG 
Phycocyanin operon 
cpcBF 
TAG TGT AAA ACG ACG GCC AGT TGY YTK CGC 
GAC ATG 
56.4C 585 
(Robertson et al., 
2001) 
cpcAR 
TAG CAG GAA ACA GCT ATG ACG TGG TGT ARG 




Appendix 4: List of isolates and loci successfully sequenced and used in Chapter 4. 
Isolate ID 16S rDNA rpoC1 cpcBA-IGS 
16S-23S 
ITS 
Baldwin Pond Type 1 
  

Baldwin Pond Type 2   
  Baldwin Pond Type 3     
Blue Gum Lake Type 1   
 
 
Buayanup Drain Type 2     
Buayanup Drain Type 4  
 
  
Chelodina Wetlands Type 1  
 
  
Chelodina Wetlands Type 2     
Emu Lake Type 2 
 
  
 GS1-1  
 
  
GS1-2     




GS3-2    




GS5-1     








   
 
GS6-1    
 GS6-2  
 
  













Hyde Park Type 1     
Hyde Park Type 3  
   Hyde Park Type 4  
  
 
Lake Monger Type 1 
   
 
Lesmurdie Brook Type 1     
Piney Lakes Type 1  
 
   
Vasse River Type 1     
Vasse River Type 2    
 Vasse River Type 3    
 Vasse River Type 6     
Vasse River Type 7   
 
 
Vasse River Type 8  
  
 
Vasse River Type 9     
Vasse River Type 12  
 
 
 Vasse River Type 13    
Vasse River Type 14  




Vasse River Type 15  



























ClustalW_BI 0.64 8.38 29.00 2.17 13.83 ClustalW N BI 
ClustalW_Cur_BI 0.66 9.31 27.00 2.31 15.19 ClustalW Y BI 
ClustalW_Cur_ML 0.71 15.89 34.00 1.41 6.92 ClustalW Y ML 
ClustalW_Cur_NJ 0.69 12.90 28.00 0.48 2.35 ClustalW Y NJ 
ClustalW_ML 0.70 15.32 39.00 1.55 7.85 ClustalW N ML 
ClustalW_NJ 0.68 13.05 30.00 0.56 2.94 ClustalW N NJ 
MAFFT_BI 0.66 11.46 27.00 3.05 16.18 MAFFT N BI 
MAFFT_Cur_BI 0.65 9.18 26.00 2.55 16.77 MAFFT Y BI 
MAFFT_Cur_ML 0.72 17.45 32.00 0.99 4.91 MAFFT Y ML 
MAFFT_Cur_NJ 0.69 12.91 28.00 0.52 2.61 MAFFT Y NJ 
MAFFT_ML 0.69 14.07 38.00 1.51 7.82 MAFFT N ML 
MAFFT_NJ 0.68 12.49 30.00 0.55 2.93 MAFFT N NJ 
MUSCLE_BI 0.67 11.61 26.00 3.01 16.27 MUSCLE N BI 
MUSCLE_Cur_BI 0.66 9.89 27.00 2.67 16.28 MUSCLE Y BI 
MUSCLE_Cur_ML 0.73 13.85 33.00 1.48 7.43 MUSCLE Y ML 
MUSCLE_Cur_NJ 0.64 11.06 28.00 0.29 2.35 MUSCLE Y NJ 
MUSCLE_ML 0.70 14.68 34.00 1.54 8.03 MUSCLE N ML 
MUSCLE_NJ 0.68 12.48 31.00 0.55 2.93 MUSCLE N NJ 
PAGAN_BI 0.66 8.90 28.00 2.47 15.02 PAGAN N BI 
PAGAN_Cur_BI 0.65 9.13 26.00 2.52 16.60 PAGAN Y BI 
PAGAN_Cur_ML 0.71 14.64 36.00 1.48 7.30 PAGAN Y ML 
PAGAN_Cur_NJ 0.69 12.91 28.00 0.53 2.63 PAGAN Y NJ 
PAGAN_ML 0.71 14.69 36.00 1.47 7.27 PAGAN N ML 
PAGAN_NJ 0.63 10.43 30.00 0.33 2.87 PAGAN N NJ 
PRANK_BI 0.64 7.35 28.00 1.98 13.30 PRANK N BI 
PRANK_Cur_BI 0.65 9.46 26.00 2.32 15.17 PRANK Y BI 
PRANK_Cur_ML 0.72 14.96 34.00 1.74 8.37 PRANK Y ML 
PRANK_Cur_NJ 0.64 11.06 28.00 0.30 2.35 PRANK Y NJ 
PRANK_ML 0.70 13.57 38.00 1.59 8.21 PRANK N ML 




Appendix 6: Tree matric values obtained for the phylogenies constructed using the 
rpoC1 locus 
Tree construction 











ClustalW_BI 0.47 11.25 28.00 2.01 13.94 ClustalW N BI 
ClustalW_Cur_BI 0.47 11.24 29.00 1.96 13.89 ClustalW Y BI 
ClustalW_Cur_ML 0.47 15.33 27.00 2.61 17.73 ClustalW Y ML 
ClustalW_Cur_NJ 0.47 16.49 26.00 1.53 9.32 ClustalW Y NJ 
ClustalW_ML 0.47 14.07 29.00 2.44 18.21 ClustalW N ML 
ClustalW_NJ 0.47 15.72 28.00 2.01 10.34 ClustalW N NJ 
MAFFT_BI 0.47 11.00 28.00 2.02 13.96 MAFFT N BI 
MAFFT_Cur_BI 0.47 10.55 28.00 2.05 13.94 MAFFT Y BI 
MAFFT_Cur_ML 0.47 14.54 30.00 2.79 18.01 MAFFT Y ML 
MAFFT_Cur_NJ 0.47 16.98 26.00 1.61 9.65 MAFFT Y NJ 
MAFFT_ML 0.48 14.27 31.00 2.68 19.09 MAFFT N ML 
MAFFT_NJ 0.46 14.30 27.00 0.95 10.06 MAFFT N NJ 
MUSCLE_BI 0.46 10.83 26.00 2.00 13.65 MUSCLE N BI 
MUSCLE_Cur_BI 0.46 10.16 26.00 2.06 13.66 MUSCLE Y BI 
MUSCLE_Cur_ML 0.48 13.86 30.00 2.56 18.72 MUSCLE Y ML 
MUSCLE_Cur_NJ 0.48 15.41 26.00 1.54 9.70 MUSCLE Y NJ 
MUSCLE_ML 0.48 13.64 29.00 1.46 11.15 MUSCLE N ML 
MUSCLE_NJ 0.48 15.72 28.00 2.03 10.58 MUSCLE N NJ 
PAGAN_BI 0.46 11.00 28.00 1.96 13.95 PAGAN N BI 
PAGAN_Cur_BI 0.47 11.26 29.00 1.86 13.83 PAGAN Y BI 
PAGAN_Cur_ML 0.46 14.26 26.00 2.50 17.34 PAGAN Y ML 
PAGAN_Cur_NJ 0.47 15.04 27.00 1.46 9.23 PAGAN Y NJ 
PAGAN_ML 0.48 13.55 30.00 2.62 18.94 PAGAN N ML 
PAGAN_NJ 0.47 14.47 27.00 1.52 9.67 PAGAN N NJ 
PRANK_BI 0.47 11.73 28.00 2.09 13.61 PRANK N BI 
PRANK_Cur_BI 0.46 10.25 25.00 2.26 14.25 PRANK Y BI 
PRANK_Cur_ML 0.47 14.19 28.00 2.59 17.90 PRANK Y ML 
PRANK_Cur_NJ 0.48 15.09 25.00 1.51 9.26 PRANK Y NJ 
PRANK_ML 0.48 15.16 30.00 2.72 18.36 PRANK N ML 




Appendix 7: Tree matric values obtained for the phylogenies constructed using the 
cpcBA-IGS locus 
Tree construction 











ClustalW_BI 0.43 9.66 23.00 3.71 13.77 ClustalW N BI 
ClustalW_Cur_BI 0.43 8.71 22.00 3.05 11.89 ClustalW Y BI 
ClustalW_Cur_ML 0.53 12.28 29.00 1.41 8.25 ClustalW Y ML 
ClustalW_Cur_NJ 0.53 13.64 25.00 1.37 7.02 ClustalW Y NJ 
ClustalW_ML 0.56 11.21 23.00 2.61 12.12 ClustalW N ML 
ClustalW_NJ 0.53 11.47 21.00 1.93 9.54 ClustalW N NJ 
MAFFT_BI 0.51 11.47 23.00 1.83 11.83 MAFFT N BI 
MAFFT_Cur_BI 0.47 9.21 21.00 2.41 12.46 MAFFT Y BI 
MAFFT_Cur_ML 0.47 12.90 28.00 1.82 8.98 MAFFT Y ML 
MAFFT_Cur_NJ 0.49 15.14 23.00 1.74 7.65 MAFFT Y NJ 
MAFFT_ML 0.50 12.11 25.00 2.20 12.44 MAFFT N ML 
MAFFT_NJ 0.48 12.73 22.00 1.14 8.44 MAFFT N NJ 
MUSCLE_BI 0.47 11.24 23.00 2.11 14.51 MUSCLE N BI 
MUSCLE_Cur_BI 0.48 8.57 22.00 2.26 13.82 MUSCLE Y BI 
MUSCLE_Cur_ML 0.49 11.90 27.00 1.51 8.15 MUSCLE Y ML 
MUSCLE_Cur_NJ 0.51 18.89 24.00 1.67 6.70 MUSCLE Y NJ 
MUSCLE_ML 0.46 11.97 25.00 2.69 16.76 MUSCLE N ML 
MUSCLE_NJ 0.46 11.51 20.00 1.66 9.82 MUSCLE N NJ 
PAGAN_BI 0.51 11.37 22.00 1.38 8.94 PAGAN N BI 
PAGAN_Cur_BI 0.39 7.17 17.00 2.52 12.29 PAGAN Y BI 
PAGAN_Cur_ML 0.48 15.63 22.00 2.24 8.50 PAGAN Y ML 
PAGAN_Cur_NJ 0.47 16.13 22.00 2.13 6.69 PAGAN Y NJ 
PAGAN_ML 0.51 11.85 25.00 1.50 9.54 PAGAN N ML 
PAGAN_NJ 0.47 11.78 24.00 1.16 7.48 PAGAN N NJ 
PRANK_BI 0.43 11.72 23.00 1.99 10.54 PRANK N BI 
PRANK_Cur_BI 0.42 5.12 20.00 2.22 12.13 PRANK Y BI 
PRANK_Cur_ML 0.54 13.79 28.00 2.82 9.53 PRANK Y ML 
PRANK_Cur_NJ 0.50 15.04 21.00 1.56 7.38 PRANK Y NJ 
PRANK_ML 0.48 12.67 24.00 1.69 9.97 PRANK N ML 




Appendix 8:  Tree matric values obtained for the phylogenies constructed using the16S-
23S ITS locus 
Tree construction 











ClustalW_BI 0.54 13.48 23.00 3.98 20.35 ClustalW N BI 
ClustalW_Cur_BI 0.18 3.38 3.00 0.44 1.60 ClustalW Y BI 
ClustalW_Cur_ML 0.39 15.10 21.00 0.78 1.15 ClustalW Y ML 
ClustalW_Cur_NJ 0.34 31.33 7.00 0.62 1.02 ClustalW Y NJ 
ClustalW_ML 0.55 17.99 23.00 5.38 24.16 ClustalW N ML 
ClustalW_NJ 0.52 16.33 24.00 2.88 15.67 ClustalW N NJ 
MAFFT_BI 0.48 10.60 25.00 2.29 18.61 MAFFT N BI 
MAFFT_Cur_BI 0.44 9.76 36.00 1.62 12.16 MAFFT Y BI 
MAFFT_Cur_ML 0.33 21.60 19.00 0.38 1.15 MAFFT Y ML 
MAFFT_Cur_NJ 0.35 25.55 8.00 0.31 0.88 MAFFT Y NJ 
MAFFT_ML 0.48 14.66 26.00 3.35 23.28 MAFFT N ML 
MAFFT_NJ 0.41 15.03 22.00 1.46 12.40 MAFFT N NJ 
MUSCLE_BI 0.40 5.18 29.00 1.49 20.85 MUSCLE N BI 
MUSCLE_Cur_BI 0.08 2.11 4.00 1.87 8.00 MUSCLE Y BI 
MUSCLE_Cur_ML 0.29 15.18 24.00 0.31 0.75 MUSCLE Y ML 
MUSCLE_Cur_NJ 0.32 23.54 8.00 0.31 0.69 MUSCLE Y NJ 
MUSCLE_ML 0.41 14.32 29.00 2.23 24.22 MUSCLE N ML 
MUSCLE_NJ 0.38 13.18 23.00 1.04 13.05 MUSCLE N NJ 
PAGAN_BI 0.49 14.78 31.00 1.39 12.32 PAGAN N BI 
PAGAN_Cur_BI 0.01 1.99 1.00 0.16 1.46 PAGAN Y BI 
PAGAN_Cur_ML 0.15 36.40 8.00 0.17 0.33 PAGAN Y ML 
PAGAN_Cur_NJ 0.14 39.41 3.00 0.20 0.35 PAGAN Y NJ 
PAGAN_ML 0.48 14.77 30.00 1.39 12.45 PAGAN N ML 
PAGAN_NJ 0.42 18.45 28.00 1.30 8.51 PAGAN N NJ 
PRANK_BI 0.39 10.30 27.00 1.26 10.35 PRANK N BI 
PRANK_Cur_BI 0.02 2.91 1.00 0.37 1.71 PRANK Y BI 
PRANK_Cur_ML 0.15 22.55 15.00 0.17 0.33 PRANK Y ML 
PRANK_Cur_NJ 0.14 43.09 2.00 0.20 0.35 PRANK Y NJ 
PRANK_ML 0.42 10.03 28.00 1.10 11.66 PRANK N ML 








Appendix 10: Relative abundance of phyla detected by each primer set 
Taxonomy 293F_751R 515F_806R 1328F_1668R 
Unassigned;Other 0.50% 1.19% 0.17% 
Archaea;p_Euryarchaeota 0.00% 0.04% 0.00% 
Bacteria;Other 0.00% 0.00% 0.05% 
Bacteria;p_Acidobacteria 0.00% 0.70% 0.27% 
Bacteria;p_Actinobacteria 0.12% 10.18% 2.60% 
Bacteria;p_Armatimonadetes 0.00% 0.73% 0.00% 
Bacteria;p_Bacteroidetes 0.00% 30.25% 0.00% 
Bacteria;p_Chlorobi 0.00% 0.14% 0.00% 
Bacteria;p_Chloroflexi 0.26% 0.24% 0.00% 
Bacteria;p_Cyanobacteria 50.76% 15.27% 54.37% 
Bacteria;p_Elusimicrobia 0.00% 0.06% 0.00% 
Bacteria;p_Firmicutes 0.36% 0.14% 1.99% 
Bacteria;p_Fusobacteria 0.00% 0.01% 0.01% 
Bacteria;p_GN02 0.02% 0.00% 0.00% 
Bacteria;p_Gemmatimonadetes 0.00% 0.45% 0.00% 
Bacteria;p_Lentisphaerae 0.00% 0.00% 0.00% 
Bacteria;p_NKB19 0.00% 0.01% 0.00% 
Bacteria;p_Nitrospirae 0.00% 0.02% 0.00% 
Bacteria;p_OD1 1.82% 0.56% 0.00% 
Bacteria;p_OP3 0.00% 0.05% 0.00% 
Bacteria;p_Planctomycetes 0.00% 1.18% 0.00% 
Bacteria;p_Proteobacteria 44.48% 33.38% 40.29% 
Bacteria;p_Spirochaetes 0.00% 0.00% 0.01% 
Bacteria;p_Synergistetes 0.02% 0.00% 0.00% 
Bacteria;p_TM7 0.14% 0.04% 0.23% 
Bacteria;p_Verrucomicrobia 1.52% 5.32% 0.00% 




Appendix 11: Relative abundance (%) of cyanobacterial sequences amplified by each 
primer set used in the study 






 Cyanobacteria;Other;Other;Other;Other 0.2% 0.0% 0.0% 



















Cyanobacteria;c_4C0d-2;o_SM1D11;f_;g_ 0.2% 0.0% 0.0% 
Cyanobacteria;c_Chloroplast;o_;f_;g_ 4.9% 4.4% 0.0% 
Cyanobacteria;c_Chloroplast;o_Chlorophyta;f_;g_ 8.1% 6.3% 0.0% 
Cyanobacteria;c_Chloroplast;o_Chlorophyta;f_Chlamydomonad
aceae;Other 
4.6% 0.0% 0.0% 
Cyanobacteria;c_Chloroplast;o_Chlorophyta;f_Chlamydomonad
aceae;g_ 
0.6% 0.0% 0.0% 
Cyanobacteria;c_Chloroplast;o_Cryptophyta;f_;g_ 0.8% 1.0% 1.6% 
Cyanobacteria;c_Chloroplast;o_Euglenozoa;f_;g_ 1.8% 4.8% 0.0% 
Cyanobacteria;c_Chloroplast;o_Stramenopiles;f_;g_ 11.3% 26.2% 0.0% 





























Cyanobacteria;c_Nostocophycideae;o_;f_;g_ 0.1% 0.0% 0.0% 
Cyanobacteria;c_Nostocophycideae;o_Nostocales; 
f_Nostocaceae;Other 
5.8% 0.0% 0.4% 
Cyanobacteria;c_Nostocophycideae;o_Nostocales; 
f_Nostocaceae;g_ 
0.0% 0.3% 6.8% 
Cyanobacteria;c_Nostocophycideae;o_Nostocales; 
f_Nostocaceae;g_Cylindrospermopsis 
0.0% 8.7% 0.0% 
Cyanobacteria;c_Nostocophycideae;o_Nostocales; 
f_Nostocaceae;g_Dolichospermum 
0.0% 0.3% 0.0% 
Cyanobacteria;c_Nostocophycideae;o_Nostocales; 
f_Scytonemataceae;g_Scytonema 
0.0% 0.0% 1.7% 
Cyanobacteria;c_Nostocophycideae;o_Stigonematales; 
f_Rivulariaceae;g_Calothrix 























































0.1% 0.0% 5.0% 
Cyanobacteria;c_Oscillatoriophycideae;o_Chroococcales; 
f_Cyanobacteriaceae;g_Cyanobacterium 
0.2% 0.0% 0.3% 
Cyanobacteria;c_Oscillatoriophycideae;o_Chroococcales; 
f_Gomphosphaeriaceae;Other 
0.0% 0.0% 0.2% 
Cyanobacteria;c_Oscillatoriophycideae;o_Chroococcales; 
f_Xenococcaceae;g_ 
0.1% 0.0% 0.0% 
Cyanobacteria;c_Oscillatoriophycideae;o_Oscillatoriales; 
f_Phormidiaceae;Other 
1.0% 0.0% 0.0% 
Cyanobacteria;c_Oscillatoriophycideae;o_Oscillatoriales; 
f_Phormidiaceae;g_Planktothrix 




























































0.4% 0.0% 6.3% 
Cyanobacteria;c_Synechococcophycideae; 
o_Pseudanabaenales;f_Pseudanabaenaceae;g_ 
4.3% 0.0% 16.4% 
Cyanobacteria;c_Synechococcophycideae;o_Pseudanabaenales; 
f_Pseudanabaenaceae;g_Halomicronema 
6.2% 6.3% 0.0% 
Cyanobacteria;c_Synechococcophycideae; 
o_Pseudanabaenales;f_Pseudanabaenaceae;g_Leptolyngbya 
0.1% 0.0% 0.4% 
Cyanobacteria;c_Synechococcophycideae; 
o_Pseudanabaenales;f_Pseudanabaenaceae;g_Pseudanabaena 
5.9% 6.9% 12.4% 
Cyanobacteria;c_Synechococcophycideae; 
o_Synechococcales;f_Synechococcaceae;g_Paulinella 
0.0% 0.0% 0.2% 
Cyanobacteria;c_Synechococcophycideae; 
o_Synechococcales;f_Synechococcaceae;g_Synechococcus 




Appendix 12: Relative abundance (%) of proteobacterial sequences amplified by each 
























Alphaproteobacteria;Other;Other;Other 0.2%  1.1% 
Alphaproteobacteria;o_;f_;g_ 0.3% 0.4% 0.2% 
Alphaproteobacteria;o_BD7-3;f_;g_ 0.0% 0.1% 0.0% 
Alphaproteobacteria;o_Caulobacterales;f_Caulobacteraceae; 
Other 
0.0%  0.4% 
Alphaproteobacteria;o_Caulobacterales;f_Caulobacteraceae; 
g_ 
0.0% 1.1% 0.0% 
Alphaproteobacteria;o_Caulobacterales;f_Caulobacteraceae; 
g_Mycoplana 
0.0% 0.0% 0.0% 
Alphaproteobacteria;o_Caulobacterales;f_Caulobacteraceae; 
g_Phenylobacterium 
0.0% 1.2% 4.6% 
Alphaproteobacteria;o_Ellin329;f_;g_ 0.0%  0.0% 
Alphaproteobacteria;o_Rhizobiales;Other;Other 0.0% 0.1% 11.6% 
Alphaproteobacteria;o_Rhizobiales;f_;g_ 1.6% 0.5% 11.0% 
Alphaproteobacteria;o_Rhizobiales;f_Hyphomicrobiaceae;g_ 0.0%  2.4% 
Alphaproteobacteria;o_Rhizobiales;f_Hyphomicrobiaceae; 
g_Hyphomicrobium 
0.1%  0.9% 
Alphaproteobacteria;o_Rhizobiales;f_Hyphomicrobiaceae; 
g_Pedomicrobium 
0.1%  0.0% 
Alphaproteobacteria;o_Rhizobiales;f_Hyphomicrobiaceae; 
g_Rhodoplanes 
0.0% 0.1% 0.6% 
Alphaproteobacteria;o_Rhizobiales;f_Methylocystaceae;g_ 0.0%  0.6% 
Alphaproteobacteria;o_Rhizobiales;f_Methylocystaceae;Other 1.5%  0.0% 
Alphaproteobacteria;o_Rhizobiales;f_Methylocystaceae; 
g_Methylosinus 
0.0%  12.0% 
Alphaproteobacteria;o_Rhizobiales;f_Methylocystaceae; 
g_Pleomorphomonas 
0.8%  0.0% 
Alphaproteobacteria;o_Rhizobiales;f_Phyllobacteriaceae; 
Other 
0.0% 0.1% 0.0% 
Alphaproteobacteria;o_Rhizobiales;f_Rhizobiaceae;Other 0.1% 0.4% 0.0% 
Alphaproteobacteria;o_Rhizobiales;f_Rhizobiaceae; 
g_Kaistia 
0.0%  0.1% 
Alphaproteobacteria;o_Rhizobiales;f_Xanthobacteraceae; 
g_Labrys 
0.2% 0.3% 0.0% 
Alphaproteobacteria;o_Rhodobacterales;f_Hyphomonadaceae
;Other 
0.3%  0.0% 
Alphaproteobacteria;o_Rhodobacterales;f_Hyphomonadaceae
;g_ 
2.2% 5.1% 0.0% 
Alphaproteobacteria;o_Rhodobacterales;f_Hyphomonadaceae
;g_Hyphomonas 
0.0% 0.1% 0.0% 
Alphaproteobacteria;o_Rhodobacterales;f_Rhodobacteraceae;
g_ 
3.2% 0.5% 0.3% 
Alphaproteobacteria;o_Rhodobacterales;f_Rhodobacteraceae;
g_Anaerospora 
0.0% 1.4% 0.0% 
Alphaproteobacteria;o_Rhodobacterales;f_Rhodobacteraceae;
g_Rhodobacter 
1.5% 2.6% 0.0% 
Alphaproteobacteria;o_Rhodospirillales;f_Acetobacteraceae;g
_Roseococcus 
0.1% 0.0% 0.0% 
Alphaproteobacteria;o_Rhodospirillales;f_;g_ 0.0% 0.1% 0.0% 
Alphaproteobacteria;o_Rhodospirillales;f_Acetobacteraceae;g
_ 
0.0% 3.0% 0.0% 
Alphaproteobacteria;o_Rhodospirillales;f_Acetobacteraceae;g
_Roseococcus 
0.0% 0.2% 0.0% 
Alphaproteobacteria;o_Rhodospirillales;f_Rhodospirillaceae;
Other 
0.0% 0.0% 0.0% 
Alphaproteobacteria;o_Rhodospirillales;f_Rhodospirillaceae;g
_ 
4.2% 2.4% 4.4% 





















0.0% 0.0% 0.0% 
Alphaproteobacteria;o_Rickettsiales;f_;g_ 0.1% 0.1% 0.0% 
Alphaproteobacteria;o_Rickettsiales;f_Pelagibacteraceae;g_ 0.7% 0.2% 0.0% 
Alphaproteobacteria;o_Rickettsiales;f_mitochondria;g_ 0.2% 0.0% 0.0% 
Alphaproteobacteria;o_Rickettsiales;f_mitochondria;g_Hetero
sigma 
0.0% 0.0% 0.0% 
Alphaproteobacteria;o_Rickettsiales;f_mitochondria;g_Thalas
siosira 
0.1% 0.0% 0.0% 
Alphaproteobacteria;o_Sphingomonadales;f_;g_ 0.0% 0.0% 0.1% 
Alphaproteobacteria;o_Sphingomonadales;f_Erythrobacterace
ae;Other 
0.0% 0.0% 0.3% 
Alphaproteobacteria;o_Sphingomonadales;f_Erythrobacterace
ae;g_ 
9.8% 8.5% 20.9% 
Alphaproteobacteria;o_Sphingomonadales;f_Sphingomonadac
eae;g_ 
5.4% 4.8% 0.1% 
Alphaproteobacteria;o_Sphingomonadales;f_Sphingomonadac
eae;g_Novosphingobium 















Betaproteobacteria;Other;Other;Other 0.0% 0.3% 0.0% 
Betaproteobacteria;o_;f_;g_ 0.4% 0.1% 0.0% 
Betaproteobacteria;o_Burkholderiales;Other;Other 0.8% 0.0% 0.0% 
Betaproteobacteria;o_Burkholderiales;f_Alcaligenaceae;g_ 0.0% 2.1% 0.0% 
Betaproteobacteria;o_Burkholderiales;f_Alcaligenaceae;g_Sut
terella 
0.0% 0.1% 0.0% 
Betaproteobacteria;o_Burkholderiales;f_Comamonadaceae;Ot
her 
1.7% 0.0% 1.3% 
Betaproteobacteria;o_Burkholderiales;f_Comamonadaceae;g_ 3.1% 9.6% 5.2% 
Betaproteobacteria;o_Burkholderiales;f_Comamonadaceae;g_
Comamonas 
0.1% 0.0% 0.0% 
Betaproteobacteria;o_Burkholderiales;f_Comamonadaceae;g_
Hydrogenophaga 
2.3% 3.2% 0.0% 
Betaproteobacteria;o_Burkholderiales;f_Comamonadaceae;g_
Hylemonella 
2.5% 0.0% 0.0% 
Betaproteobacteria;o_Burkholderiales;f_Comamonadaceae;g_
Limnohabitans 
0.3% 3.3% 0.2% 
Betaproteobacteria;o_Burkholderiales;f_Comamonadaceae;g_
Methylibium 
1.5% 1.3% 0.0% 
Betaproteobacteria;o_Burkholderiales;f_Comamonadaceae;g_
Ramlibacter 
0.9% 0.0% 0.0% 
Betaproteobacteria;o_Burkholderiales;f_Comamonadaceae;g_
Rhodoferax 
0.1% 0.0% 0.0% 
Betaproteobacteria;o_Burkholderiales;f_Comamonadaceae;g_
Rubrivivax 
0.3% 0.0% 0.0% 
Betaproteobacteria;o_Burkholderiales;f_Comamonadaceae;g_
Simplicispira 
0.1% 0.0% 0.0% 
Betaproteobacteria;o_Burkholderiales;f_Oxalobacteraceae;Ot
her 
0.0% 2.3% 0.0% 
Betaproteobacteria;o_Burkholderiales;f_Oxalobacteraceae;g_
Polynucleobacter 
19.7% 5.6% 0.0% 
Betaproteobacteria;o_Ellin6067;f_;g_ 3.4% 2.5% 0.7% 
Betaproteobacteria;o_MWH-UniP1;f_;g_ 3.3% 1.7% 0.0% 
Betaproteobacteria;o_Methylophilales;f_Methylophilaceae;g_ 0.2% 0.2% 0.0% 
Betaproteobacteria;o_Methylophilales;f_Methylophilaceae;g_
Methylotenera 
0.0% 1.0% 0.0% 
Betaproteobacteria;o_Neisseriales;f_Neisseriaceae;Other 0.0% 0.0% 0.0% 
Betaproteobacteria;o_Neisseriales;f_Neisseriaceae;g_ 1.0% 0.0% 0.0% 
Betaproteobacteria;o_Rhodocyclales;f_Rhodocyclaceae;g_ 0.7% 6.1% 0.0% 
Betaproteobacteria;o_Rhodocyclales;f_Rhodocyclaceae;g_Ca
ndidatus Accumulibacter 
0.8% 0.6% 0.0% 
Betaproteobacteria;o_Rhodocyclales;f_Rhodocyclaceae;g_De
chloromonas 
2.7% 0.4% 0.0% 




















0.0% 0.0% 0.0% 
Betaproteobacteria;o_Rhodocyclales;f_Rhodocyclaceae;g_Uli
ginosibacterium 
0.3% 0.0% 0.0% 
Betaproteobacteria;o_Rhodocyclales;f_Rhodocyclaceae;g_Zo
ogloea 
0.2% 0.0% 0.0% 
Betaproteobacteria;o_SC-I-84;f_;g_ 0.1% 0.0% 0.0% 
















Deltaproteobacteria;o_;f_;g_ 0.0% 0.3% 1.1% 
Deltaproteobacteria;o_AF420338;f_;g_ 0.0% 0.2% 0.0% 
Deltaproteobacteria;o_Bdellovibrionales;f_Bacteriovoracacea
e;g_ 
0.0% 0.0% 0.6% 
Deltaproteobacteria;o_Bdellovibrionales;f_Bdellovibrionacea
e;g_Bdellovibrio 
0.0% 0.0% 2.8% 
Deltaproteobacteria;o_Desulfovibrionales;f_Desulfovibrionac
eae;g_ 
0.0% 0.0% 0.4% 
Deltaproteobacteria;o_Desulfovibrionales;f_Desulfovibrionac
eae;g_Desulfovibrio 
0.0% 0.1% 0.0% 
Deltaproteobacteria;o_Desulfuromonadales;f_Geobacteraceae
;g_Geobacter 
0.0% 0.0% 1.2% 
Deltaproteobacteria;o_FAC87;f_;g_ 0.0% 0.0% 0.2% 
Deltaproteobacteria;o_MIZ46;f_;g_ 0.0% 0.2% 1.7% 
Deltaproteobacteria;o_Myxococcales;f_;g_ 0.0% 0.1% 0.1% 
Deltaproteobacteria;o_Myxococcales;f_0319-6G20;g_ 0.0% 0.0% 0.1% 
Deltaproteobacteria;o_Myxococcales;f_Myxococcaceae;g_An
aeromyxobacter 
0.0% 0.0% 0.0% 
Deltaproteobacteria;o_Myxococcales;f_OM27;g_ 0.0% 0.2% 0.0% 
Deltaproteobacteria;o_NB1-j;f_JTB38;g_ 0.0% 0.0% 0.0% 
Deltaproteobacteria;o_Sva0853;f_JTB36;g_ 0.0% 0.0% 0.1% 
Deltaproteobacteria;o_Syntrophobacterales;f_Syntrophaceae;g
_Desulfomonile 
0.0% 0.0% 0.3% 
Deltaproteobacteria;o_Syntrophobacterales;f_Syntrophobacter
aceae;g_Syntrophobacter 





0.0% 0.2% 0.0% 
Epsilonproteobacteria;o_Campylobacterales;f_Campylobacter
aceae;g_Sulfurospirillum 
0.0% 0.2% 0.0% 
Epsilonproteobacteria;o_Campylobacterales;f_Helicobacterac
eae;g_Sulfuricurvum 
0.1% 0.9% 0.0% 
Epsilonproteobacteria;o_Campylobacterales;f_Helicobacterac
eae;g_Sulfurimonas 
















Gammaproteobacteria;Other;Other;Other 0.0% 0.0% 0.0% 
Gammaproteobacteria;o_Alteromonadales;f_Alteromonadace
ae;Other 
0.0% 0.0% 2.9% 
Gammaproteobacteria;o_Aeromonadales;f_Aeromonadaceae;
g_ 
2.4% 0.2% 3.2% 
Gammaproteobacteria;o_Aeromonadales;f_Aeromonadaceae;
g_Tolumonas 
0.0% 0.0% 0.0% 
Gammaproteobacteria;o_Alteromonadales;Other;Other 1.4% 0.0% 0.0% 
Gammaproteobacteria;o_Alteromonadales;f_Alteromonadace
ae;Other 
0.5% 0.0% 0.0% 
Gammaproteobacteria;o_Alteromonadales;f_Alteromonadace
ae;g_ 
0.1% 0.0% 0.0% 
Gammaproteobacteria;o_Alteromonadales;f_Alteromonadace
ae;g_Alteromonas 
0.0% 0.5% 0.0% 
Gammaproteobacteria;o_Alteromonadales;f_Alteromonadace
ae;g_Glaciecola 
0.2% 0.3% 0.1% 
Gammaproteobacteria;o_Alteromonadales;f_Idiomarinaceae;g
_Pseudidiomarina 
0.3% 0.1% 0.0% 
Gammaproteobacteria;o_Alteromonadales;f_OM60;g_ 0.0% 0.1% 0.0% 
Gammaproteobacteria;o_Chromatiales;f_;g_ 0.0% 0.2% 0.0% 





















0.0% 0.0% 0.0% 
Gammaproteobacteria;o_Chromatiales;f_Chromatiaceae;g_ 0.0% 0.1% 0.0% 
Gammaproteobacteria;o_Chromatiales;f_Chromatiaceae;g_Al
lochromatium 
4.6% 5.9% 0.0% 
Gammaproteobacteria;o_Chromatiales;f_Chromatiaceae;g_Th
iodictyon 
0.4% 0.0% 0.0% 
Gammaproteobacteria;o_Chromatiales;f_Halothiobacillaceae;
g_Thiovirga 
0.0% 0.1% 0.0% 
Gammaproteobacteria;o_Enterobacteriales;f_Enterobacteriace
ae;g_ 
0.0% 0.8% 0.0% 
Gammaproteobacteria;o_HOC36;f_;g_ 0.4% 0.0% 0.0% 
Gammaproteobacteria;o_Legionellales;f_;g_ 0.0% 5.1% 0.0% 
Gammaproteobacteria;o_Legionellales;f_Coxiellaceae;g_ 0.2% 0.8% 0.0% 
Gammaproteobacteria;o_Methylococcales;f_Crenotrichaceae;
g_Crenothrix 
0.1% 0.1% 0.0% 
Gammaproteobacteria;o_Methylococcales;f_Methylococcacea
e;Other 
0.4% 0.0% 0.0% 
Gammaproteobacteria;o_Methylococcales;f_Methylococcacea
e;g_ 
0.0% 0.0% 0.0% 
Gammaproteobacteria;o_Methylococcales;f_Methylococcacea
e;g_Methylocaldum 
0.7% 0.8% 1.3% 
Gammaproteobacteria;o_Methylococcales;f_Methylococcacea
e;g_Methylomonas 
0.0% 0.5% 0.0% 
Gammaproteobacteria;o_Oceanospirillales;Other;Other 0.0% 0.0% 0.0% 
Gammaproteobacteria;o_Oceanospirillales;f_Oceanospirillace
ae;g_ 
1.2% 3.5% 0.0% 
Gammaproteobacteria;o_Oceanospirillales;f_Oceanospirillace
ae;g_Marinobacterium 
0.3% 0.0% 0.0% 
Gammaproteobacteria;o_Oceanospirillales;f_Oceanospirillace
ae;g_Marinomonas 
0.0% 0.1% 0.0% 
Gammaproteobacteria;o_Pseudomonadales;f_Moraxellaceae;g
_Acinetobacter 
0.1% 0.2% 0.0% 
Gammaproteobacteria;o_Thiotrichales;f_;g_ 0.1% 0.0% 0.0% 
Gammaproteobacteria;o_Thiotrichales;f_Piscirickettsiaceae;g
_ 
0.0% 0.0% 0.0% 
Gammaproteobacteria;o_Thiotrichales;f_Piscirickettsiaceae;g
_Thiomicrospira 
0.0% 0.0% 0.0% 
Gammaproteobacteria;o_Thiotrichales;f_Thiotrichaceae;g_ 0.0% 0.0% 0.1% 
Gammaproteobacteria;o_Vibrionales;f_Pseudoalteromonadac
eae;g_Pseudoalteromonas 
0.1% 0.1% 0.0% 
Gammaproteobacteria;o_Xanthomonadales;f_Sinobacteraceae
;g_ 
0.1% 0.1% 0.2% 
Gammaproteobacteria;o_Xanthomonadales;f_Xanthomonadac
eae;g_ 
6.7% 4.1% 0.0% 
Gammaproteobacteria;o_Xanthomonadales;f_Xanthomonadac
eae;g_Dokdonella 
0.0% 0.2% 0.0% 
Gammaproteobacteria;o_Xanthomonadales;f_Xanthomonadac
eae;g_Pseudoxanthomonas 
0.0% 0.1% 0.0% 
TA18;o_CV90;f_;g_ 0.0% 0.0% 1.2% 
TA18;o_PHOS-HD29;f_;g_ 0.0% 0.0% 0.7% 
;o_;f_;g_ 0.0%  0.0% 
 
